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Abstract 
Recent advances in the synthesis of graphene and hexagonal boron nitride (h-BN) have enabled the 
large-scale growth of their monolayers. Although graphene and h-BN have similar atomic arrangements 
and a negligible difference of about 2% between their lattice constants, their electronic structures are 
completely different; graphene is a zero-band gap semiconductor, while h-BN is an insulator with a 
large band gap of 5.9 eV. Because of the structural similarities, it is expected that they can form a 
seamless interface when combined as a hybrid, leading to precisely controlled electronic and magnetic 
properties through proper interface control. In addition, the graphene edge without charge trapping sites 
can be realized similar to pristine graphene by passivating the boundary with insulating h-BN, which 
shows higher performance in the graphene electronics. However, the growth of heterostructures remains 
a challenge due to the difficulty in realized clean edges between graphene and h-BN. In this thesis, I 
will discuss the approach to develop various graphene/h-BN hybrid structures using conversion reaction 
of h-BN on platinum (Pt) catalyst. First, I will demonstrate the growth of highly crystalline h-BN 
monolayer on Pt metal substrate through a low-pressure chemical vapor deposition method. Next, I will 
discuss a catalytic conversion reaction of h-BN to graphene by using Pt catalyst to form an in-plane 
graphene/h-BN heterostructure. I proposed that this reaction proceeds through h-BN hydrogenation; 
subsequent graphene growth quickly replaces the initially etched region. Importantly, this conversion 
reaction enables the controlled formation of patterned in-plane graphene/h-BN heterostructures, without 
needing the commonly employed protecting mask, simply by using a patterned Pt substrate. Based on 
patterned conversion, I demonstrate on spatially controlled conversion of h-BN to graphene on an array 
of Pt nanoparticles (NPs) to realize an array of uniform GQDs embedded in h-BN sheet. The structure 
allows a dramatic reduction of the number of localized edge states along the perimeter of the quantum 
dots. I used such GQDs embedded in h-BN as part of van der Waals heterostructures to produce vertical 
single electron tunneling transistors operating in Coulomb blockade regime, which opens even larger 
flexibility when designing future devices. 
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Figure 1. Introduction of graphene and hexagonal boron nitride. 
Figure 2. (a) HRTEM image of a two-layer region. The FFT in the inset reveals a two-layer packing 
with a relative rotational angle of 16°. (b) Atomic model of the h-BNC film showing hybridized h-BN 
and graphene domains. (c) Phase-segregated GNRs modulated by the Moiré superlattice encircling the 
mixed h-BCxN domains to form a brick-and-mortar pattern. (d) Atomic imaging of h-BC2N revealing 
the two most stable isomer structures, as illustrated in the in-sets. 
Figure 3. (a, b) Atomically resolved STM images of armchair and zigzag linking edges, respectively. 
(c) STM image of a graphene-BN boundary (7.5 nm by 5 nm, sample bias 0.5 V). (a) Schematic 
illustration of the sequential growth of h-BN and graphene at the edge of a 2D seed crystal. (e–g) Real-
time microscope images of the stepwise growth of a monolayer superlattice of graphene and h-BN strips 
on Ru (0001) via alternating the exposure of ethylene and borazine, respectively at 700 oC. 
Figure 4. (a) Schematic for formation of atomically thin lateral heterojunctions using photolithography 
and reactive ion etching. (b) False-colour DF-TEM image of a suspended graphene/h-BN sheet with 
the junction region. (c) Raman mapping at 2D peak (2700 cm-1) of graphene/h-BNC/h-BN alternating 
strips synthesized by this two-step conversion. (d) Optimal image of a micrometer-sized owl pattern for 
an in-plane graphene/h-BN heterostructure; the scale bar is 100 mm. (e) STEM-ADF image of the 
graphene/h-BN interface. (f) EELS mapping of boron from the area in (e). The inset shows the intensity 
profile along the trajectory in the dashed box. 
Figure 5. (a) Plot of the mobility, on/off ratio, and percent-age of workable devices versus the BN 
concentration. (b) The dI/dV spectra collected at bare Ru (I), (II) bright spot (red spot in Figure 2d), (III) 
bright clusters (pink spot in Figure 2d), (IV), dark region (green spot in Figure 2d), and (V) decoupled 
BCN. (c) Plot of insertion (|S21|) and return (|S11|) loss versus frequency. Inset: optical image of the 
two-dimensional graphene/h-BN layer resonator. (d) A schematic of a multiple transfer process for 
ultraflat three-dimensional interconnects. Inset of (d) is an optical image of device. 
Figure 6. (a) Cooling-induced tearing of the interface between graphene and h-BN. (b) Schematic 
illustration of the temperature-triggered switching growth between in-plane h-BN-G and stacked G/h-
BN heterostructures, defined as Route 1 and Route 2, respectively. (c,d) AFM height images of h-BN-
G and G/h-BN after being transferred onto 300-nm-thick SiO2/Si substrates 
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Figure 1. Schematic diagrams of the LPCVD system used for h-BN growth. 
Figure 2. Scheme of electrochemical bubbling-based method used to transfer the h-BN layer. 
Figure 3. Thermal decomposition of ammonia borane, forming borazine gas in the high temperature. 
Figure 4. (a) Photograph of an h-BN layer transferred from Pt foil to a SiO2/Si substrate. (b) Optical 
microscopy image of monolayer h-BN on a SiO2/Si substrate, taken using 630 nm band-pass-filtered 
light. (c) SEM image of monolayer h-BN on a SiO2/Si substrate. 
Figure 5. Optical microscope images for monolayer h-BN on top of Si substrate with a 300 nm thermal 
oxide layer under various light wavelengths: (a) white light, (b) 630 nm, (c) 520nm, and (d) 425 nm 
band-pass filtered light. 
Figure 6. (a) AFM image of monolayer h-BN on a SiO2/Si substrate; (b) Raman spectrum of monolayer 
h-BN on a SiO2/Si substrate; (c) UV-visible absorption spectrum and (d) optical band gap analysis of 
monolayer h-BN on a quartz substrate. XPS spectra of h-BN on Pt foil: (e) B1s spectrum and (f) N1s 
spectrum. 
Figure 7. AFM images of h-BN transferred onto SiO2/Si substrate after it was grown on Pt foil at 
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Figure 9. (a) A low-magnification TEM image of monolayer h-BN. (b) The corresponding diffraction 
pattern of monolayer h-BN showing a set of hexagonal patterns from single layer h-BN. (c) Atomic-
resolution TEM image of monolayer h-BN (scale bar: 1 nm). (d) EELS spectrum of monolayer h-BN. 
Figure 10. Atomic-resolution TEM image of h-BN. A triangular defect of single boron vacancy in 
single layer h-BN is indicated. Red and blue dots represent B and N, respectively. (Scale bar: 1 nm) 
Figure 11. Monolayer h-BN grain mapping image with an over-laid background of the dark-field TEM 
image. 
Figure 12. (a) Bright-field TEM (BFTEM) image of monolayer h-BN. (b) The corresponding 
diffraction pattern of monolayer h-BN. (c) Dark-field TEM (DFTEM) image taken from the diffraction 
spot marked with the red circle in (b). (d) DFTEM image taken from the diffraction spot marked with 
the yellow circle in (b). 
Figure 13. (a) Optical microscopy image of the four devices fabricated on monolayer h-BN for the 
four-point probe technique. (b) I-V curve of one of the monolayer h-BN devices, indicating the highly 
insulating nature of monolayer h-BN. 
Figure 14. OM, SEM, and AFM images and Raman spectrum of monolayer h-BN grown on fresh Pt 
foil (a) and 100 times recycled Pt foil (b). 
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Figure 1. Thermodynamic energy diagrams of conversion reactions. (a) Conversion reaction from 
graphene to h-BN; exothermic reaction. (b) Conversion reaction from h-BN to graphene; endothermic 
reaction. 
Figure 2. The conversion reaction on SiO2/Si substrate. (a,b) Raman spectrum and SEM image of h-
BN film transferred onto SiO2/Si substrate before and after conversion reaction for 20 min. After the 
conversion reaction, the characteristic peak of h-BN at 1,373 cm-1 is not shown due to broad peaks of 
amorphous carbon. 
Figure 3. Conversion mechanism and Raman characterization. (a) Mechanism for the investigated 
conversion process. Boron, nitrogen, carbon, hydrogen, and platinum atoms are represented in yellow, 
blue, red, black, and gray, respectively. (b-g) Optical images (b-d) and Raman spectra (e-f) of h-BN, h-
BN/graphene, and fully converted graphene samples transferred to SiO2/Si substrates, resulting from 
the reaction times of 0 (b,e), 10 (c,f), and 20 min (d,g), respectively. 
Figure 4. Morphology and microstructure. SEM and AFM images of h-BN (a,d), h-BN/graphene (b,e), 
and fully converted graphene (c,f) transferred onto SiO2/Si substrates, of which conversion time was 0 
min (a,d), 10 min (b,e), and 20 min (c,f), respectively. Inset of (e): Height profile corresponding to the 
white line in (e), indicative of significant wrinkles. (g-h) Atomic-resolution TEM images of monolayer 
h-BN and converted graphene. (i) EELS spectra of monolayer h-BN (red) and graphene (blue). 
Figure 5. Measurement of surface potential for the i-G/BN heterostructure. (a) Optical image of the i-
G/BN interface on SiO2/Si substrate. (b) Raman spectra at different positions around the i-G/BN 
interface. (c) KPM image of the marked yellow area in (a), taken before transferring from the Pt 
substrate. (d) Plots of surface potential and BN concentration following the white line in (c). 
Figure 6. STM analysis of early conversion. (a) An STM image of the i-G/BN heterostructure on Pt 
(111). The sample bias (Vs) =50 mV, and the feedback current (If) = 5 nA. The interfaces between h-BN 
and graphene are marked with red dashed lines. (b) A magnification image of the marked white square 
in (a). (c) Illustration of the i-G/BN heterostructure. (d) Height profile corresponding to the orange line 
in (a). (e) dI/dV spectra corresponding to the colored points in (a). (f-h) FFT results corresponding to 
the colored points marked in (a). Colored arrows indicate (01-10) directions of h-BN or graphene layers, 
relative angles were estimated as R0o (orange), R3o (green), and R9.5o (blue), respectively. 
Figure 7. Scanning tunneling microscopy (STM) study on unreacted h-BN grain boundary in initial 
conversion reaction. (a) High-resolution STM image of h-BN on the step edge of Pt (111). The red dash 
line is marked on grain boundary of h-BN. (b) High-magnification image of the marked white square 
in (a). (c) Height profile corresponding to the orange line in (a). (d,e) The fast Fourier transform (FFT) 
results of h-BN (right) and h-BN (left) part. The rotational angle difference between two h-BN region 
was estimated as 23o from FFT images (d,e). 
Figure 8. Early conversion of h-BN to graphene. (a-e) SEM images for the conversion times of (a) 0, 
(b) 0.5, (c) 1, (d) 3, and (e) 5 min, respectively. The SEM images were measured on Pt foil. All scale 
bars are 500 nm. (f-j) Schematic illustrations of time dependent reaction mechanism. 
Figure 9. Effect of Pt step edges on the conversion reaction. (a) SEM image showing two Pt grains after 
the conversion reaction for 1 min. The contrast difference between two grains comes from the Pt grain 
orientation. (b,c) Zoom-in images of the green (b) and yellow (c) box in (a). The bright oval shapes in 
(b) are for h-BN and dark area is for graphene. (d) SEM image of conversion reaction on two Pt grains 
for 20 min shows full conversion to graphene. (e,f) Zoom-in images of the red (e) and blue (f) box in 
(d). Inset of (e,f): Raman spectra of fully converted graphene samples transferred onto SiO2/Si substrate. 
Figure 10. Effect of Pt grain boundary on the conversion reaction. (a,b) SEM images of conversion 
reaction on Pt grain for 1 min. The grain boundary of Pt is marked with the white line and the conversion 
reaction proceeds in the direction of red arrows. (c,d) Zoom-in images of the blue (c) and green (d) box 
in (b).  
Figure 11. Schemes for two types of initial points in the conversion reaction. (a-c) scheme of the 
conversion reaction initialized on single defect in basal grain of h-BN. It induces graphene islands. (d-
f) scheme of the conversion reaction initialized on grain boundary of h-BN. It induces h-BN islands. 
Figure 12. Hydrogen-etching of h-BN on Pt and SiO2/Si substrates. (a,b) SEM and AFM images of 
hydrogen-etched h-BN film transferred on SiO2/Si substrate after the hydrogenation on Pt substrate. 
(c,d) SEM and AFM images of hydrogen-etched h-BN film on SiO2/Si substrate. 
Figure 13. The conversion reaction on Cu, Pt, and Ru substrates. (a,b) Raman spectrum and SEM image 
of h-BN film transferred onto SiO2/Si substrate after conversion reaction on Cu substrate. (c-e) XPS 
spectra of (c) B 1s, (d) N 1s, and (e) C 1s on Pt substrate. (f-h) XPS spectra of (f) B 1s, (g) N 1s, and 
(h) C 1s on Ru substrate. The black and red lines are associated with films before and after conversion 
reaction for 20 min, respectively. 
Figure 14. Fabrication of patterned i-G/BN heterostructures. (a) Mask-free patterning process on Pt-
patterned substrate. The conversion only occurs at the Pt region. (b) Optical image of the graphene/h-
BN stripes on SiO2/Si substrate. (c) Raman spectra of the h-BN (red) and graphene (blue) regions 
marked in (b). (d) Raman mapping in the 2D (2630-2730 cm-1) band for the marked area in (b). 
Figure 15. Interface of patterned i-G/BN heterostructures. (a) Optical image of the interface between 
graphene and h-BN grown on patterned substrate. The Raman spectra were obtained at different 
positions (black line) with 500 nm interval in (a). The white dash line is marked on the interface of h-
BN and graphene. (b,c) the spectrum of h-BN (b) was changed to that of graphene (c) in the region 
between 3 and 4 point. At point 4, the D band is large due to contribution of the interface region. It 
means that the interface between graphene and h-BN has the good sharpness with less than ~ 500 nm. 
Figure 16. Comparison of patterned G/BN heterostructures. (a) Patterned conversion reaction using 
SiO2 hard mask.5 (b) SEM images of the graphene/h-BN stripes on Pt after the etching of SiO2 mask. 
The removed SiO2 masks on the h-BN regions are marked with white dashed lines. (c) Problem of 
patterned conversion using SiO2 hard mask. 
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Figure 1. The fabrication steps of GQD/h-BN in-plane heterostructure based on h-BN to graphene 
conversion catalyzed by Pt NPs supported by a substrate of SiO2. (a) The self-assembly of diblock 
copolymer micelles PS-P4VP with H2PtCl6 on Si/SiO2 substrate. (b) Transfer of h-BN monolayer on 
SiO2 substrate covered by Pt NPs (blue spheres – boron atoms, yellow spheres - nitrogen). (c) Formation 
of the GQDs on top of an array of Pt NPs by catalytically-assisted CVD (red spheres – carbon atoms). 
(d) The obtained in-plane GQD/h-BN heterostructure after the removal of Pt NPs. 
Figure 2. (a-b) The SEM image and Raman spectrum of the CVD grown pristine h-BN monolayer. (c-
d) The corresponding XPS spectra: (c) Boron 1s, and (d) Nitrogen 1s. 
Figure 3. (a-b) The SEM and AFM images of the as-grown layer of GQD/h-BN on an array of Pt NPs 
(7 nm) spread over SiO2 substrate. 
Figure 4. Size and spatial distribution of the GQDs. (a-c) The SEM images of 7, 10, and 13 nm sized 
arrays of Pt NPs on SiO2 substrates, respectively. (d-f) Corresponding size distribution histograms of Pt 
NPs on SiO2 substrates. Numbers give the average (marked by red lines) and the standard deviation. (g-
i) The SEM images of GQD/h-BN samples prepared on pristine SiO2. (j-l) Corresponding size 
histograms of GQD/h-BN samples. Numbers give the average (marked by red lines) and the standard 
deviation. 
Figure 5. The XPS spectra of GQD/h-BN planar heterostructure on SiO2 substrate. (a) Survey, and (b) 
Pt 4f spectra. Blue and red spectra are for as-prepared GQD/h-BN on Pt NPs/SiO2 substrate (before the 
aqua regia treatment) and the GQD/h-BN after the aqua regia treatment to remove Pt NPs, respectively. 
Figure 6. TEM images of GQD/h-BN. (a, c) Pt NPs on top of GQD/h-BN. (b, d) The GQD/h-BN after 
aqua regia treatment. The white dots in (a,c) are Pt NPs. 
Figure 7. Characterization of GQD/h-BN interface of the in-plane heterostructure with GQDs of the 
size of 7 nm. (a) Raman spectra of GQD/h-BN planar heterostructure (red) and pristine h-BN (blue). 
XPS spectra of GQD/h-BN planar heterostructure: (b) boron 1s, (c) nitrogen 1s, and (d) carbon 1s 
spectrum. 
Figure 8. EELS analysis of GQD/h-BN. (a) Schematics of EELS mapping of GQD/h-BN on Pt 
NPs/SiO2. (b) TEM image of GQD/h-BN on Pt NPs. The white dots are 7 nm Pt NPs. (c-e) 
Corresponding EELS mapping images of (c) carbon, (d) boron, and (e) nitrogen, respectively. (f) 
Magnified image marked in (d). (g) The EELS spectra were obtained at different positions (yellow line, 
P1 to P10) with 2 nm spatial resolution in f by subtracting the background of the Pt signal from the 
original EELS spectra. 
Figure 9. Scheme of ideal GQD/h-BN heterostructures with (a) zigzag and (b) armchair edges. (c) 
Estimated heterostructures with more C-B zigzag bonds compared to the C-N zigzag bonds. The binding 
energies for C-B zigzag, C-N zigzag, and armchair bond in the graphene/h-BN in-plane heterostructure 
are calculated to be 0.45, 0.41, and 0.39 eV, respectively, by DFT calculations13. 
Figure 10. (a) The measured IR spectra for the GQD/h-BN and mechanical exfoliated h-BN (2 nm 
thickness) on SiO2 by AFM-IR. Three spectra on different points were measured for a GQD/h-BN 
sample. (b) Magnified spectra in the range from 1200 to 1500 cm-1. 
Figure 11. (a) UV-vis absorbance spectra of bare h-bN and GQD/h-BN heterostructure. (b) PL spectra 
of GQD/h-BN samples prepared on 7 (red), 10 (blue), and 13 nm (green) sized Pt NPs/SiO2 substrate, 
respectively.  
Figure 12. (a) PL spectra of bare h-BN/SiO2 (green spectrum) and Pt NPs/SiO2 substrate (black 
spectrum). (b) PL spectrum of h-BN on SiO2 substrate (blue spectrum) after carrying out the conversion 
reaction without Pt NPs in the same condition. The PL spectrum of GQD/h-BN is provided as a 
reference in (a) and (b). 
Figure 13. (a) Scheme of GQDs with the oxidized edges and sp2 sub-domains isolated by oxygen-
functional group (Origin 1). (b) Scheme of the fabrication process of as-prepared GQD/h-BN on Pt 
NPs/SiO2 substrate before the treatment with aqua regia. (c) Scheme of bare GQD prepared by O2 
plasma treatment of CVD grown graphene. (d) SEM image of a bare GQD (~7 nm) array prepared in 
(c). (e) PL spectra of bare GQD (red spectrum) and as-prepared GQD/h-BN on Pt NPs/SiO2 substrate 
(blue spectrum). 
Figure 14. (a) Scheme of h-BN sheets with nano-sized holes. (b) AFM image of h-BN nano-sized holes 
by annealing process in H2 atmosphere. (c) PL spectra of h-BN nano-sized hole (blue spectrum).   
Figure 15. (a) Optical image of in-plane graphene/h-BN heterostructure on SiO2 substrate.16 (b) Raman 
spectra of graphene (red) and h-BN (blue) on SiO2 substrate by using a 532-nm laser. Integration time: 
5 sec (graphene), and 60 sec (h-BN). (c) PL spectra of graphene (red), h-BN (blue), and interface (green) 
by using a 266-nm laser. The reason for the weak PL intensity is because the fraction of the interface 
regions in the heterostructure is smaller than in the GQD/h-BN structure. 
Figure 16. Fabrication procedure for van der Waals tunnel heterostructure comprising the stack of 
Si/SiO2/20nm_h-BN/SLG/3L_h-BN/GQD_h-BN/3L_h-BN/SLG/10nm_h-BN. (a) Single layer 
graphene (SLG), indicated by white arrows, was transferred by flake peeling method on bottom h-BN 
supported on Si/SiO2 substrate. (b) Trilayer h-BN, outlined by red dashed line, was then transferred on 
SLG shown in (a). (c) Separately a PMMA membrane was prepared with ~ 10nm h-BN, another SLG 
and trilayer h-BN was picked up using this h-BN. This PMMA membrane containing the stack of 3L_h-
BN/SLG/10_h-BN was further aligned and dropped on GQD_h-BN on Si/SiO2. To release this stack 
from Si/SiO2, wet transfer procedure following standard KOH etching procedure was performed. (d) 
Finally, the heterostructure of GQD_h-BN/3L_h-BN/SLG/10nm_h-BN was aligned, and transferred on 
Si/SiO2/20nm_h-BN/SLG/3L_h-BN shown in (b). Contacts to top and bottom SLG, as shown in (d), 
were made by standard electron beam lithography. Scale bar shown in (a) is same for all images. 
Figure 17. The h-BN/Gr/2h-BN/GQD/2h-BN/Gr/h-BN multi-channel single electron tunneling 
transistors. (a) Schematic structure of the van der Waals stack. Double layer graphene system separated 
by hexagonal boron nitride layers with GQDs embedded in the central layer of h-BN. (b) The low 
excitation measurements of low bias region of (c). Green arrows indicate the tunneling events through 
the localized impurity states in the middle h-BN layer with 7 nm GQD. Impurity assisted features 
correspond to the localized state which is located approximately 90 meV above the Dirac points in the 
graphene contacts. (c) G(Vg,Vb) for a device with 7 nm GQDs. (d) The low excitation measurements of 
low bias region of (e), indicating the tunneling events through the localized density of states in the 
middle h-BN layer with 13 nm GQD. The olive arrows denote the localized states with the energy 140 
meV below the Dirac point. (e) G(Vg,Vb) for a device with 13 nm GQDs. The red (blue) dashed line 
mark the event of the Fermi level in the top (bottom) graphene layer aligning with the Dirac point. (f) 
The magnified plot of (e) denoting a peculiar shape of the Coulomb diamonds when the Fermi level in 
one of the graphene contacts aligns with the Dirac point. The dashed grey line indicates the cross-section 
presented in (h). (g) The conductance G(-30V, Vb) plot indicating both peaks of prominent peaks of 
overlapping diamond boundaries (red arrows) and background of peaks from impurity assisted-
tunneling (green arrows) for a device with 13 nm GQD. (h) The conductance G(Vg, 0mV) plot indicating 
peaks occurring from overlapping diamonds in (f). Red arrows in all the plots indicate conductivity 
peaks which correspond to tunneling through single electron states in GQD. 
Figure 18. T = 1.5K tunneling conductance G(Vb,Vg) of Si/SiO2 substrate supported Gr/h-BN/Gr 
heterostructures. (a) Tunneling through pristine h-BN trilayer mounted in-between two graphene 
monolayers (colour scale is blue to white to red, 20nS to 2S to 4S). Dark Blue X shaped region 
corresponds to the event of the passage of chemical potential through DPs of graphene layers; vertical 
features represent phonon-assisted resonant tunneling process. (b) Tunneling through impurity states of 
low quality tetralayer h-BN mounted in-between monolayer graphene electrodes (colour scale is blue 
to white to red, 0nS to 20nS to 40nS). Peaks in conductance (red and white) correspond to the tunneling 
through localized states and follow the square root dependence. 
Figure 19. T = 260 mK tunneling conductance G(Vb,Vg) of Si/SiO2 substrate supported h-BN/Gr/2h-
BN/CVD h-BN/2h-BN/Gr/h-BN heterostructure. The area of the device is 82 µm2. Note, the middle h-
BN monolayer was grown by CVD, but no GQD were formed on it. Note, significantly lower 
conductivity (even though the area of the device is significantly larger than for those presented in the 
main text) due to the absence of the additional conductance channels due to GQD. There is a small 
number of the impurity states, however, which might be originating from either defect in the CVD h-
BN or due to contamination in between the layers introduced during the fabrication. 
Figure 20. Modelling of the single electron charging effect. (a-c) Schematic representation of a single 
electron charging effect. The corresponding electrostatic lines are denoted in (d). (d) Modelling example 
of the alignment of the different energy levels in a device with 13 nm GQD. Red (blue) dashed lines - 
Fermi level in top (bottom) graphene electrode aligning with the Dirac point. Purple lines – Fermi levels 
in the graphene contacts being aligned with the localized state located in the middle h-BN layer with 
energy 140 meV below the Dirac point. The set of solid red (blue) lines correspond to single electron 
energy levels in GQD aligning with the Fermi level in the top (bottom) electrode. Space between four 
of such lines forms a Coulomb blockade diamond. Note the distorted shape of the diamond when the 
Fermi level in the contacts passes through the Dirac points. 
Figure 21. Low density non-periodic array of GQD embedded in h-BN matrix and h-BN/Gr/2h-
BN/GQD/2h-BN/Gr/h-BN multi-channel single electron tunneling transistors based on such GQD. (a) 
SEM image of a GQD/h-BN sample obtained after the transfer of h-BN monolayer Pt NPs/SiO2 
substrate and the conversion reaction. It shows GQDs with a long spacing (0.5 to 1.5 μm), marked by 
white arrows. (b) G(Vg,Vb) for a device with such GQDs. 
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Chapter 1: Research Background for the In-Plane Heterostructure of 
Graphene and Hexagonal Boron Nitride 
 
1.1 Overview 
Graphene and hexagonal boron nitride (h-BN) are atomic-scale hexagonal lattices made of carbon and 
boron, nitrogen atoms, respectively. However, graphene has a zero-bandgap semi-metallic property 
with remarkably high carrier mobility at room temperature1–3, whereas h-BN4–9 is an insulating material 
with a large bandgap of ~6 eV. Accordingly, if precise two-dimensional (2D) domains of graphene and 
h-BN can be seamlessly stitched together, the in-plane heterostructure with interesting electronic 
applications could be created10-11. The study of the heterostructures of graphene and h-BN has just been 
started, although theoretical calculations have predicted that various properties such as the band gap 
opening,12-14 magnetic properties,15 and thermal transport properties,16 which can be controlled by 
manipulating the size and concentration of each hybrid domains. Continuous atomically thin films 
consisting of two 2D materials with different atomic compositions have received much interest in terms 
of their interfaces.10-11 In a graphene/h-BN heterostructure, the two materials each have hexagonal 
structures with a similar lattice constant difference of only 2%, so the growth of hybrid structures with 
lateral hetero-junctions and the formation of interfaces are very interesting.  
In this chapter, I review recent trends in the fabrication and property of in-plane graphene/h-BN 
heterostructures. Two types of sub-chapters are handled: 1) preparation and 2) properties of in-plane 
graphene/h-BN heterostructures. 
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Figure 1. Introduction of graphene and hexagonal boron nitride 
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1.2 Fabrication of In-Plane Graphene/h-BN Heterostructures 
Here, we introduce the synthetic methods for fabricating in-plane graphene/h-BN heterostructures 
and their detailed structures in three sections: 1) growth of BNC, 2) patterned growth, and 3) in-plane 
epitaxial growth.   
 
1.2.1. Growth of Boron Nitride-Graphene (BNC) Hybrid Structure 
To modulate the electronic structures of graphene, various approaches to opening the band gap to 
convert its semi-metallic character to semiconducting have been investigated. Chemical doping is one 
feasible approach, and experimental and theoretical studies have shown the that substitution of B or N 
atoms for the C atoms in graphene is possible.17-18 Also, a wider band gap in the electronic structure has 
been predicted for the BC2N monolayer structure.19 In 2010, the Ajayan group first reported a synthetic 
method for producing atomic layers of h-BNC and realized the first in-plane 2D heterostructure.20 These 
h-BNC heterostructures were synthesized on Cu foil by CVD from simultaneously introduced CH4 and 
ammonia borane as precursors. Their structures were confirmed in high resolution transmission electron 
microscope (HRTEM) images. For example, one TEM image taken from a two-layered structure 
(Figure 2a) shows a clear Moiré pattern, which implies turbostratic stacking with a non-zero rotational 
angle between the two layers, which is associated with a lack of AB stacking. A 2D fast Fourier 
transform (FFT) pattern (inset of Figure 2a) indicates a relative rotational angle of 16° between the two 
layers. Although individual atoms can be resolved in the hexagonal packing, it is difficult to identify 
the positions of the individual B, C, and N atoms in the TEM image because there is only a small 
difference in their atomic sizes. Therefore, electron energy-loss spectroscopy (EELS) measurements 
and X-ray photoelectron spectroscopy (XPS) of the h-BNC film were carried out to determine not only 
their atomic composition but also the types of bonds between atoms. These spectroscopic 
characterizations revealed that all three elements are sp2 hybridized, but the domains of graphene and 
h-BN exist separately in the film. Nonetheless, small photoemission peaks from C-B and C-N bonding 
were confirmed in XPS spectra, which indicates covalent bonding between the graphene domains and 
h-BN domains. A schematic drawing of the structure is displayed in Figure 2b. There are two different 
optical band gaps from absorption edges, which indicates that both the h-BN and graphene domains are 
large enough to have their individual optical band gap identities. 
The Ajayan group recently also reported another approach to forming h-BNC heterostructures called 
the topological substitution reaction, which converts graphene sheets to h-BN layers.21 During the 
reaction, the h-BNC heterostructure can form as an intermediate, and the composition ratio between 
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graphene and h-BN has been successfully adjusted by controlling the reaction conditions. In brief, 
CVD-grown graphene transferred onto a silicon substrate is loaded into a vacuum quartz tube and heated 
up to 1000 °C with an Ar flow. For the reaction, preloaded solid boric acid power is heated up to 300–
600 °C with an ammonia gas flow. A two-step mechanism for the substitution reaction was suggested 
by a DFT calculation. In the first step, nitrogen or boron atoms replace carbon atoms around structural 
imperfections in the graphene such as the defect edges or carbon atoms functionalized with impurities. 
The second step is the nucleation of h-BN around the embedded nitrogen atoms, because the subsequent 
substitution of a boron atom or a BN pair is expected to be much easier around the embedded nitrogen 
atom than in the bulk graphene. Turbostratic stacking was observed in the multilayer h-BNC with a 
hexagonal structure consisting of B, C, and N, resulting in different Moire patterns. 
In addition to the h-BNC heterostructures consisting of graphene and h-BN domains explained above, 
2D boron-carbon-nitrogen alloy structures have been also observed in several studies. These structures 
are actually difficult to classify as in-plane heterostructures, but they are important from the viewpoint 
providing a critical clue to understanding the interface formation in in-plane graphene and h-BN 
heterostructures and elucidating the mechanism of the conversion reaction from graphene to h-BN. The 
Sutter group reported a mixed boron-nitrogen-carbon phase consisting of h-BN doped with C at the 
interface between graphene and h-BN that formed during sequential graphene and h-BN growth.22 The 
Loh group also observed a boron-carbon-nitrogen alloy during the reaction converting graphene to h-
BN.23 In their work, a single-crystalline Ru (0001) substrate was used as a substrate, and all reactions 
were carried out under ultrahigh vacuum (UHV) conditions. For the conversion reaction, the graphene 
sample on Ru (0001) was annealed at 900–1000 °C in vaporized borazine. The reaction process can be 
processed in which borazine molecules are catalytically decomposed by Ru. The atomic hydrogen 
generated by this decomposition may participate in the etching of carbon atoms from the graphene. A 
STM study revealed structural changes depending on the borazine dosage. At a low borazine dose of 5 
Langmuir (1 Langmuir corresponds to an exposure of 10−6 torr for 1s), the brick and mortar structure 
shown in Figure 2c was observed. STM studies revealed that the threads in the mortar structure are 
graphene nanoribbons, while brick region consists of a mixed h-BC2N structure. From the different 
elemental contrasts (carbon atoms are bright and BN is dark), two dominant isomers were identified 
(Figure 2d), which well agrees with the theoretical prediction of the most stable configurations of h-
BC2N polymorphic structures.19, 24 Although the approaches taken by Ajayan group and by Loh group 
are conceptually similar, the intermediate structures are totally different. The main difference between 
the two results is the type of substrate. However, the exact catalytic role of substrate and the reaction 
mechanism are still not clearly understood, and further investigations are required to determine them. 
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Figure 2. (a) HRTEM image of a two-layer region. The FFT in the inset reveals a two-layer packing 
with a relative rotational angle of 16°. (b) Atomic model of the h-BNC film showing hybridized h-BN 
and graphene domains. (c) Phase-segregated GNRs modulated by the Moiré superlattice encircling the 
mixed h-BCxN domains to form a brick-and-mortar pattern. (d) Atomic imaging of h-BC2N revealing 
the two most stable isomer structures, as illustrated in the in-sets.  
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1.2.2. In-Plane Epitaxial Growth   
Owing to the chemical instability of graphene or h-BN edges,25 they can have catalytic ability for the 
in-plane epitaxial growth. The possibility of in-plane epitaxial growth of graphene and h-BN 
heterostructures has been demonstrated both on single-crystalline substrates and on bulk Cu foil. Sutter 
et al. first reported two-step growth i) growth of graphene islands, and ii) continuous growth of h-BN 
from edges of graphene islands of laterally connected graphene and h-BN.22 However, a mixed B-C-N 
phase was observed between the graphene and h-BN under normal reaction conditions, as explained in 
section 1.2.1. By applying a low pressure of oxygen to remove carbon adatoms on the Ru (0001) surface, 
atomically sharp interfaces could be obtained. In contrast, Yabo et al. reported a similar structure that 
was obtained in the reverse order, where h-BN islands were first grown on the Rh (111) surface and 
then graphene was patched onto the uncovered surface until the hybrid structure completely evolved 
(Figure 3a and b).26 Even on Cu foil, lateral epitaxy between graphene and h-BN has recently been 
confirmed. Han et al.27 and Liu et al.28 individually reported the epitaxially continuous growth of an h-
BN layer from graphene edges grown on Cu foil (Figure 3c). These authors used very similar methods 
in which highly diluted CH4 gas was used as the carbon precursor. This method is known to grow 
monolayer graphene with good crystallinity and well-defined zigzag edges.29-30 As a precursor for h-
BN, ammonia borane (NH3-BH3) was used. The only difference between the methods is that Han et al. 
maintained a high reaction temperature during two-step growth,27 whereas Liu et al. cooled down the 
sample after the growth of graphene and etched the graphene edges with hydrogen before BN growth.28 
Using an advanced growth technique, an in-plane graphene/h-BN/graphene heterostructure is 
demonstrated by alternatively introducing the precursor ethylene and borazine gases every 50 s (Figure 
3d).31 The contrast in the SEM image differentiates the graphene strips from the hBN strips grown on 
Ru(0001) (Figure 3e–g). This result implies that in-plane heteroepitaxy is preferred at the edge of each 
material. The detailed interface structure is discussed in section 1.2.3. 
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Figure 3. (a, b) Atomically resolved STM images of armchair and zigzag linking edges, respectively. 
(c) STM image of a graphene-BN boundary (7.5 nm by 5 nm, sample bias 0.5 V). (a) Schematic 
illustration of the sequential growth of h-BN and graphene at the edge of a 2D seed crystal. (e–g) Real-
time microscope images of the stepwise growth of a monolayer superlattice of graphene and h-BN strips 
on Ru (0001) via alternating the exposure of ethylene and borazine, respectively at 700 oC. 
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1.2.3. Patterned Regrowth  
Scalable and patterned heterostructures are required to realize integrated circuits in a 2D atomic layer. 
Park’s group produced lateral junctions between h-BN and graphene by a process called patterned 
regrowth, which is described in Figure 4a.10 They first grew graphene on Cu foil, then carried out the 
lithographic patterning, and finally made lateral junctions by growing h-BN in the areas where graphene 
was removed by the lithographic patterning (Figure 4a). In this way, structures like atomically thin 
circuitry with a metal and an insulator were formed. Figure 4b shows a dark-field TEM image of a 
boundary region of graphene and h-BN. On the other hand, the Ajayan group realized lateral h-
BN/graphene heterostructures by the opposite patterned regrowth. They first prepared a lithographically 
patterned h-BN layer and then grew graphene.11 This allows for the creation of an owl-patterned in-
plane graphene/h-BN heterostructure (Fig. 4d). The ADF-STEM image clearly shows the border 
between the hBN and graphene regions (Fig. 4e), but the atomic orientation was not explicitly observed 
at the interface. Instead, the existence of h-BN and graphene was indirectly confirmed by two different 
diffraction spots in the 2D FFT pattern. The difficulty in obtaining atomic resolved STEM images at 
the interface can be attributed to residues of polymers used in photolithographic and transfer processes 
and the highly corrugated nature of the Cu and Ni foil.32 Furthermore, the EELS mapping image of the 
boron atoms shows the sharp interface between the hBN and graphene regions (Fig. 4f). However, the 
two sets of hexagonal spots from the hBN and graphene lattices at the junction region in the FFT pattern 
are randomly rotated (not shown here), indicating that in-plane epitaxy growth does not take place. 
 
1.2.4. Patterned Conversion of Graphene to Hexagonal Boron Nitride  
The patterned regrowth involves removal of selected areas of graphene or h-BN. On the other hand, 
patterned 2D lateral heterostructures can also be achieved using another approach such as substitution 
or conversion from graphene to h-BN without an etching process. This method was already described 
in section 1.2.1 to explain the methods for the growth of h-BNC structures as intermediate materials. 
By using a protecting layer like SiO2 or a metal layer, only non-protected graphene can be converted 
into h-BN. In these approaches, patterned lateral heterostructures consisting of graphene, h-BN, and h-
BNC were also achieved by twice patterned regrowth (1. 50% conversion for h-BNC, and 2. 100 % 
conversion for h-BN), as shown in Figure 8c.21  
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Figure 4. (a) Schematic for formation of atomically thin lateral heterojunctions using photolithography 
and reactive ion etching. (b) False-colour DF-TEM image of a suspended graphene/h-BN sheet with 
the junction region. (c) Raman mapping at 2D peak (2700 cm-1) of graphene/h-BNC/h-BN alternating 
strips synthesized by this two-step conversion. (d) Optimal image of a micrometer-sized owl pattern for 
an in-plane graphene/h-BN heterostructure; the scale bar is 100 mm. (e) STEM-ADF image of the 
graphene/h-BN interface. (f) EELS mapping of boron from the area in (e). The inset shows the intensity 
profile along the trajectory in the dashed box. 
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1.3. Properties of In-Plane Graphene/h-BN Heterostructures  
Unique properties have been predicted for covalently bonded interfaces between monolayer graphene 
and h-BN. Owing to the short history of lateral heterostructures, many properties of these interfaces are 
still unknown, but there has been a meaningful advance in the measurement of such properties in the 
recent few years. In these sections, the electrical and optical properties of h-BNC heterostructures and 
the patterned 2D lateral heterostructures are demonstrated. In addition, the interface structure and lateral 
epitaxy are discussed.  
 
1.3.1. Electrical Properties of In-Plane Graphene/h-BN Heterostructures 
 The first h-BNC film synthesized by Ci et al. exhibited a wide band gap of ~18 meV, as estimated 
by temperature-dependent resistance measurement.20 The UV absorption spectra presented the two 
different optical bandgaps further verifying that the hybrid domains are composed of h-BN and 
graphene nano-sized domains rather than substitutional doping or alloyed phase of h-BN and graphene. 
A small electron and hole mobility was observed in the h-BNC based FETs, which might well be due 
to the electron scattering at the boundaries between h-BN and graphene domains. Different from this 
result, vertically aligned hBN-C phase-separated composite nanosheets were observed on Si/SiO2 
substrates by a non-catalytic CVD-based strategy.  
The transfer characteristics of an h-BNC film that was converted from graphene by the topological 
substitution reaction were also investigated.21 Interestingly, this work showed that the carrier mobility 
and on/off ratio in a FET fabricated with a ternary h-BNC 2D layer could be tuned through a controllable 
transition from highly conductive graphene, to semiconducting h-BNC, and finally to insulating h-BN 
as the concentration of h-BN substituted in the graphene layer increased. The changes in the electric 
parameters such as the carrier mobility and on/off ratio of the FETs were systematically measured, as 
plotted in Figure. 5a. In a complete conversion cycle (in which the atomic concentration of BN increases 
from 0 % to 100 %), the resistivity of h-BNC first increases slightly and then goes up exponentially. 
The mobility exhibits the inverse trends. The source-drain current on/off ratio goes up initially and then 
decreases at a 40% BN concentration (Figure 5a). The semiconducting-like behavior, on-off ratio may 
be induced by an electron confinement effect induced by the quasi-one-dimensional conducting channel 
in h-BNC that arises with increasing h-BN concentration. However, the small graphene domains might 
be disconnected at higher BN concentrations, resulting in the decrease in the on/off ratio. This 
mechanism of semiconducting behavior is similar to that of the band gap opening observed in graphene 
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with patterned hydrogen adsorbates.33 The electronic structures of a BNC mixed structure (h-BC2N) 
were also investigated using scanning tunneling spectroscopy (STS) before and after decoupling from 
the Ru substrate (Figure 5b).23 Upon intercalation, excluding the influence of hybridization between h-
BC2N and the metal substrate, an energy gap of 2 eV is observed in the averaged STS data (blue line), 
which is meaningful because the theoretically predicted band gap is 1.6 eV for the h-BC2N 
configuration.19, 34 The carefully patterned graphene and h-BN in-plane hybrid structure incorporating 
both metal and dielectric components could be a good supplement for various types of graphene-based 
devices such as resonators, amplifiers, multipliers, and mixers for high-frequency applications. Liu et 
al. demonstrated a graphene/h-BN resonator as one possible application (Figure 5c).11 In addition, these 
heterostructures could be fabricated by a multiple transfer process for ultraflat three-dimensionally 
interconnected devices (or three-dimensional electronics) (Figure 5d).10 This approach provides the 
possibility of mechanically flexible and optically transparent electronics. 
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Figure 5. (a) Plot of the mobility, on/off ratio, and percent-age of workable devices versus the BN 
concentration. (b) The dI/dV spectra collected at bare Ru (I), (II) bright spot (red spot in Figure 2d), (III) 
bright clusters (pink spot in Figure 2d), (IV), dark region (green spot in Figure 2d), and (V) decoupled 
BCN. (c) Plot of insertion (|S21|) and return (|S11|) loss versus frequency. Inset: optical image of the 
two-dimensional graphene/h-BN layer resonator. (d) A schematic of a multiple transfer process for 
ultraflat three-dimensional interconnects. Inset of (d) is an optical image of device. 
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1.3.2. Interface and lateral epitaxy 
For lateral heterostructures, the main questions are how and what chemical bonding occur at the 
interface between two different materials forms and how coherent the lattice between the two different 
materials is. Recent STM or TEM studies of the interface have provided important information to 
answer these questions. Gao et al. investigated the interfacial structure between graphene and h-BN by 
STM.26 In particular, the STM study combined with a theoretical prediction revealed that that zigzag 
interfaces (Figure 3b) are energetically more favorable than armchair interfaces (Figure 3a). The atomic 
resolution STM image obtained in their work clearly showed obvious lateral epitaxy between graphene 
and h-BN, and such epitaxy was also confirmed for other graphene and h-BN heterostructures 
synthesized on Ru (0001).22 However, owing to the strong interactions of graphene with Ru35-36 or Rh35, 
37 and of h-BN with Ru38-39 or Rh39-40 the lattice direction of graphene or h-BN is aligned with the metal 
lattice direction, i.e., the relative rotational angle with respect to the metal surface is zero. Therefore, it 
is not clear whether the identical directional orientation between the graphene and h-BN is mainly due 
to the vertical epitaxy with the metal surface or due to the lateral epitaxy between graphene and h-BN.  
Unlike single crystalline substrates like Ru (0001) and Rh (111), various rotational orientations of 
graphene and h-BN on Cu have been confirmed.36 Therefore, the interaction with Cu substrate in the 
epitaxial growth of in-plane heterostructures can be excluded. Indeed, identical directions of graphene 
and h-BN at the interface were confirmed by STM28 and TEM27, which demonstrated laterally epitaxial 
growth of h-BN from graphene edges on Cu foil. Since the edge structure in heterostructures may affect 
their physical properties,41 controlling this structure may be experimentally necessary in future. 
The junction between two hybrid structures was frequently observed (Figure 6a), indicating that the 
interface of graphene and h-BN is vulnerable to fracture by thermal stress, which had further been 
verified by DFT calculations.27 Therefore, the C reservoir introduced can be completely eliminated 
when the growth process is precisely controlled, where h-BN synthesized can inherit the intrinsic lattice 
orientation of graphene to form atomically a sharp graphene/h-BN interface. It has also been reported 
that the lateral heteroepitaxy of h-BN is used to form in-plane graphene/h-BN heterostructures, which 
are shown to exhibit an abrupt one-dimensional interface and the lattice orientation is solely determined 
by the graphene rather than supporting metal substrates.28, 42 The selective growth of vertical or in-plane 
graphene/hBN heterostructures can be achieved through a temperature-triggered switching reaction or 
controlling the precursor concentrations and growth time, shown in Figure 6b-d.42, 43 
More recently, theoretical calculations have suggested that the growth of C atoms from h-BN is 
energetically preferential at the vertices instead of the edges.44 The formation energy and binding energy 
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of the N-terminated heterostructure are lower than that of the B-terminated one, resulting in the lower 
stability of this configuration, which is agreeable with the experimental results.42 A subsequent study 
reveals that spin-polarized electronic states with half-metallic phase are identified when the graphene 
domain is terminated with zigzag edges, whereas a robust semiconducting behavior is confirmed with 
an armchair interface.45 Based on the lateral structure of graphene and h-BN, a pronounced thermal 
rectification behavior is observed with heat current transport from h-BN to graphene, which can be 
qualitatively attributed to the resonance effect between out-of-plane phonon modes of the graphene and 
h-BN domain in the low frequency region.46 
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Figure 6. (a) Cooling-induced tearing of the interface between graphene and h-BN. (b) Schematic 
illustration of the temperature-triggered switching growth between in-plane h-BN-G and stacked G/h-
BN heterostructures, defined as Route 1 and Route 2, respectively. (c,d) AFM height images of h-BN-
G and G/h-BN after being transferred onto 300-nm-thick SiO2/Si substrates 
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Chapter 2: Growth of Monolayer Hexagonal Boron Nitride on Platinum 
Using Chemical Vapor Deposition 
 
2.1 Abstract 
Hexagonal boron nitride (h-BN) is gaining significant attention as a two-dimensional dielectric 
material, along with graphene and other such materials. Herein, we demonstrate the growth of highly 
crystalline, monolayer h-BN on Pt foil through a low-pressure chemical vapor deposition method that 
allowed h-BN to be grown over a wide area (8 × 25 mm2). An electrochemical bubbling-based method 
was used to transfer the grown h-BN layer from the Pt foil onto an arbitrary substrate. This allowed the 
Pt foil, which was not consumed during the process, to be recycled repeatedly. The UV-visible 
absorption spectrum of the monolayer h-BN suggested an optical band gap of 6.06 eV, while a high-
resolution transmission electron microscopy image of the same showed the presence of distinct 
hexagonal arrays of B and N atoms, which were indicative of the highly crystalline nature and single-
atom thickness of the h-BN layer. This method of growing monolayer h-BN over large areas was also 
compatible with use of a sapphire substrate. 
 
2.2 Introduction 
Hexagonal boron nitride (h-BN), which has a two-dimensional (2D) strong sp2 covalent bond-
containing honeycomb structure that is similar to that of graphene,1-3 has attracted much attention 
because of its high mechanical strength and thermal conductivity.4-6 However, graphene exhibits 
semimetallic properties and has a zero-band gap, while h-BN is an insulator with a direct band gap of 
5–6 eV. This is attributable to the partially ionic character of the B-N bonds.7-11 In addition, in contrast 
to graphene, h-BN is known to be chemically stable in air at temperatures as high as 1000 C.12,13 Highly 
purified h-BN exhibits intense excitonic luminescence bands for wavelengths ranging from 215 to 227 
nm, which are sufficiently strong to cause stimulated emission. Therefore, high-quality h-BN is a 
promising material for deep UV optoelectronic devices.14  
Monolayer h-BN has been grown on single-crystal transition metals such as Au(111), Ru(001), 
Rh(111), and Pt(111) in ultrahigh vacuum (UHV) chemical vapor deposition (CVD) systems by 
introducing a borazine precursor.15-19 However, it is extremely difficult to grow and characterize 
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monolayer h-BN and to transfer it onto other substrates, owing to the complex nature of the UHV CVD 
systems used. Along with the recent progress made in research on graphene, attempts have also been 
made to grow h-BN on Cu and Ni foils using atmospheric pressure CVD (APCVD) or low-pressure 
CVD (LPCVD) methods and then transfer it onto other substrates via widely used etching processes.20-
25 During these growth processes, h-BN has been known to exhibit different behaviors, depending on 
the precursor used. Borazine as a precursor induced growth of h-BN in multilayer form, with the layers 
being between 5 and 50 nm in thickness.20,21 On the other hand, the use of a mixture of ammonia and 
diborane as the precursor suggested that the thickness of the grown h-BN layers could be controlled by 
changing the growth temperature and period; however, it was hard to obtain uniform single layers of h-
BN because the growth rate during the process was high.22 The growth rate of h-BN can be decreased 
by using a powdered precursor such as ammonia borane. Indeed, it was reported that by using ammonia 
borane as the precursor, it was possible to grow monolayer h-BN on Cu foil within 40 min, with multiple 
layers being formed on some sites. It was also noticed that the density of these multiple layers increased 
with an increase in the growth period.23 
Herein, we report the growth of a high-quality monolayer h-BN over a large area via a simple LPCVD 
method. This growth was achieved by employing Pt foil and ammonia borane as the substrate and 
precursor, respectively. The single layer of h-BN grown on Pt foil could be successfully transferred 
onto an arbitrary substrate via an electrochemical bubbling-based method. This method of transferring 
h-BN has numerous advantages: it is rapid, allows for the recycling of the Pt foil, and does not result in 
Pt residues. High-resolution transmission electron microscopy (HRTEM) images showed clearly that 
the layer of h-BN comprised hexagonal arrays of B and N atoms, indicating the highly crystalline and 
monolayer nature of the grown h-BN.  
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2.3 Experimental Section 
2.3.1 Growth of Monolayer h-BN Using CVD Methods 
The monolayer h-BN was prepared by a LPCVD method. Figure 1 shows a schematic of the LPCVD 
system used for growing monolayer h-BN. Platinum foil (99.95 % purity, 0.125 mm thick, Goodfellow) 
was placed at the middle of a 2 inch quartz tube CVD system and ammonia borane (97 % purity, Sigma-
Aldrich) was placed at a sub-chamber. The furnace was heated to 1100 oC in flow of a hydrogen gas 
(10 sccm), and the sub-chamber was heated to 130 oC for the decomposition of ammonia borane. The 
Pt foil was pre-annealed at 1100 oC for 30 min in flow of H2 gas to remove some impurity. The growth 
of h-BN on Pt foil was initiated by opening a valve of the sub-chamber. During the growth, the pressure 
was maintained at 0.1 Torr. After finishing the growth, the furnace was quickly cooled down to room 
temperature under H2 gas condition. 
 
2.3.2 Electrochemical Bubbling Method for Transferring h-BN onto Target Substrate 
Pt foil is an expensive and chemically inert material. Thus, the commonly used etching-based transfer 
method for Cu and Ni substrates is not suitable for the transfer of the h-BN layer grown on Pt foil. We 
were able to use this bubbling-based transfer method to successfully transfer the h-BN layer grown on 
Pt foil onto arbitrary substrates in a manner that allowed the Pt foil to be recycled. Figure 2 shows a 
schematic of the bubbling-based transfer method, which is based on the electrolysis of water. The front 
side of the h-BN film on the Pt foil was covered with PMMA. The Pt foil was immersed in an aqueous 
solution of 1 M NaOH for an electrochemical delamination. The PMMA/h-BN/Pt foil and a bare Pt foil 
were utilized as a cathode and an anode, respectively. The bubbling transfer was performed under a 
constant current of 1 A (corresponding electrolytic voltage of 5 - 12 V) for 1 - 5 min. The application 
of a constant current for a few minutes caused the PMMA/h-BN layer to detach from the Pt foil because 
of the formation of H2 bubbles. The bubbling process could usually be completed in less than 5 min, a 
duration much smaller than that of the etching process using an etchant with Cu and Ni foils. 
Furthermore, the transferred h-BN layer was free of metal residues, which is an advantage of this 
transfer process. After peeling off the PMMA/h-BN film from the Pt foil, it was rinsed with deionized 
water in order to remove residual NaOH solution. Then, it was transferred into a SiO2(300 nm)/Si 
substrate, and finally was dipped into acetone to remove PMMA. It should be noted that the Pt foil used 
in the growth of h-BN was recyclable since Pt was not consumed during the process. 
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2.3.3 Characterization of Monolayer h-BN 
The surface morphology of the single layer h-BN was characterized by optical microscope (Axio 
Scope.A1, Carl Zeiss), scanning electron microscope (S-4800, Hitachi), and atomic force microscope 
(Dimension 3100, Veeco). Raman spectra were measured using a micro Raman spectrometer (Alpha 
300s, WITec GmbH) with a 532 nm laser. UV-visible absorption spectrum (Cary 5000 UV-Vis-NIR, 
Agilent) was measured to estimate the optical band gap of monolayer h-BN transferred into a quartz 
substrate. X-ray photoelectron spectra (K-Alpha, Thermo Fisher) were measured to identify boron and 
nitrogen atoms of h-BN. Low voltage Cs aberration-corrected transmission electron microscopy (Titan 
Cube G2 60-300, FEI), which was operated at 80 kV with monochromated electron beam, was used for 
ultra-high-resolution imaging of the h-BN along with selected area electron diffraction (SAED) pattern 
and electron energy loss spectroscopy (EELS). 
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Figure 1. Schematic diagrams of the LPCVD system used for h-BN growth. 
 
 
 
 
Figure 2. Scheme of electrochemical bubbling-based method used to transfer the h-BN layer. 
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2.4 Results and Discussion 
 2.4.1 Growth Mechanism of Monolayer h-BN on Pt Substrate  
Figure 1 shows a schematic of the LPCVD system used for growing monolayer h-BN. Ammonia 
borane (NH3-BH3) was used as the precursor because it is stable under ambient conditions. Borazine is 
moisture sensitive and can be hydrolyzed to boric acid, ammonia, and hydrogen.26 To grow monolayer 
h-BN on Pt foil, the temperature within the LPCVD system was set to 1100 C, and the precursor, 
ammonia borane, was heated to 130 C, since it decomposes into hydrogen, polyiminoborane (BHNH; 
solid), and borazine ((HBNH)3; gas) at this temperature.27,28 The produced borazine gas was made to 
diffuse from the source bottle into the furnace, where it was adsorbed onto the Pt foil. Monolayer h-BN 
was thus formed from borazine via thermal decomposition as shown in Figure 3. Because of the weak 
bonding of the borazine molecules with the grown h-BN layer at the growth temperature, any precursor 
molecules that were adsorbed onto the grown layer were rapidly desorbed back into the gas phase.18,19 
The growing h-BN film essentially constituted an inert blanket that progressively covered an 
increasingly larger fraction of the Pt foil surface during the growth process, resulting in the eventual 
self-termination of the growth of the layer, with it being one atom thick. Thus, uniform, monolayer h-
BN could be grown on Pt foil without multiples layers being formed, regardless of the duration of the 
growth process.  
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Figure 3. Thermal decomposition of ammonia borane, forming borazine gas in the high temperature. 
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2.4.2 Characterization of Monolayer h-BN  
It is hard to observe monolayer h-BN on a SiO2(300 nm)/Si substrate using an optical microscope 
under a white light source because its optical contrast is less than 1.5%.31 Figure 4(a) shows an optical 
image of monolayer h-BN under a white light source. The h-BN region is barely distinguishable without 
residues at its edges. The contrast of a layer of h-BN on a SiO2(300 nm)/Si substrate changes with the 
wavelength of the incident light.31 BN is darker than the substrate at wavelengths longer than ~530 nm 
and brighter at shorter ones, with the optical contrast of monolayer h-BN on a SiO2(300 nm)/Si substrate 
being the highest at 590 nm. Monolayer h-BN could be noticed more clearly under a light source with 
a 630 nm band-pass filter than was the case under a white-light source alone. Figure 4(b) shows an 
optical microscopy image of monolayer h-BN under a light source with a 630 nm band-pass filter. (See 
Figure 5 for the differences in the optical contrasts of h-BN under white-light sources with 425, 520, 
and 630 nm band-pass filters). In contrast to optical microscopy, scanning electron microscopy (SEM) 
allowed us to easily identify an h-BN layer on a SiO2/Si substrate (Figure 4(c)). The thickness of an h-
BN layer transferred onto a SiO2/Si substrate could be determined using atomic force microscopy 
(AFM). Figure 6(a) shows an AFM image of a layer of h-BN transferred onto a SiO2/Si substrate, with 
the thickness of the layer, which was less than 0.48 nm, indicated in the image. This value was consistent 
with that reported previously for monolayer h-BN.23 Note that the thicknesses of the h-BN layers grown 
on Pt foil using different growth periods (1 min to 30 min) were all less than 0.48 nm, indicating that 
only monolayer h-BN was grown in all the cases (See Figure 7). 
Figure 6(b) shows the Raman spectrum of h-BN on a SiO2/Si substrate, obtained using a 532 nm laser. 
A characteristic Raman peak of bulk, single-crystal h-BN was observed at 1366 cm-1 and was 
attributable to the E2g phonon mode.31,32 This peak shifts to ~1370 cm-1 in the case of monolayer h-BN 
and to ~1364 cm-1 for bilayer h-BN.31 In our study, the E2g phonon mode for all h-BN layers grown 
using the various growth periods appeared at 1372 cm-1, indicating that all the h-BN layers grown were 
monolayers (See Figure 8). The results of Raman spectroscopy were consistent with the AFM results.  
The UV-visible absorption spectrum of monolayer h-BN was determined, with the h-BN film 
exhibiting almost zero absorbance in the visible-light range and abrupt absorption in the UV region. 
This suggested the presence of an optical band gap (OBG), which was calculated using the formula for 
a direct band semiconductor7 and determined to be 6.06 eV, as shown in Figure 6(d). The optical band 
gap energy was determined by the formula of a direct band gap semiconductor; α = C(E − 𝐸𝑔)
1 2⁄ /𝐸 
(where α is the absorption coefficient, C is a constant, E is the photon energy and 𝐸𝑔 is the optical 
bandgap energy). The plot of (𝛼𝐸)2 as a function of  𝐸 should be a straight line. Therefore, when 
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(𝛼𝐸)2 = 0, the 𝐸  value should be equal to 𝐸𝑔 . This value was consistent with that predicted by 
theoretical calculations (6.0 eV).33 X-ray photoemission spectroscopy (XPS) was performed on the as-
grown single layer of h-BN to check for the presence of the elements B and N and to determine their 
elemental ratios. The binding energies for the B 1s and N 1s peaks, determined from the XPS spectra, 
were 190.38 (Figure 6(e)) and 397.88 eV (Figure 6(f)), respectively. These values matched with those 
previously reported for h-BN.20,22 The ratio of B and N atomic % in monolayer h-BN, calculated from 
the XPS results, was 1:1.03.  
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Figure 4. (a) Photograph of an h-BN layer transferred from Pt foil to a SiO2/Si substrate. (b) Optical 
microscopy image of monolayer h-BN on a SiO2/Si substrate, taken using 630 nm band-pass-filtered 
light. (c) SEM image of monolayer h-BN on a SiO2/Si substrate. 
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Figure 5. Optical microscope images for monolayer h-BN on top of Si substrate with a 300 nm thermal 
oxide layer under various light wavelengths: (a) white light, (b) 630 nm, (c) 520nm, and (d) 425 nm 
band-pass filtered light. 
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Figure 6. (a) AFM image of monolayer h-BN on a SiO2/Si substrate; (b) Raman spectrum of monolayer 
h-BN on a SiO2/Si substrate; (c) UV-visible absorption spectrum and (d) optical band gap analysis of 
monolayer h-BN on a quartz substrate. XPS spectra of h-BN on Pt foil: (e) B1s spectrum and (f) N1s 
spectrum. 
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Figure 7. AFM images of h-BN transferred onto SiO2/Si substrate after it was grown on Pt foil at 
different growth period: (a) 1 min, (b) 5 min, (c) 10 min, and (d) 30 min. 
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Figure 8. Raman spectra of h-BN transferred onto SiO2/Si substrate after it was grown on Pt foil at 
different growth period: (a) 1 min, (b) 5 min, (c) 10 min, and (d) 30 min. 
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2.4.3 Transmission Electron Microscopy measurement of monolayer h-BN  
Figure 9(a) shows a low-magnification bright-field (BF) TEM image of the freestanding h-BN film 
after it was transferred onto a hole with 2 µm in diameter in Au quantifoil TEM grid. The h-BN film 
covered the entire mesh well without broken regions and ripples. The selective area electron diffraction 
(SAED) pattern in Figure 9(b) clearly indicates a set of hexagonal diffraction spots matched well with 
the (1010) index of monolayer h-BN. To directly observe the atomic structure of monolayer h-BN, we 
used a Cs aberration-corrected electron microscopy operated at 80 kV. We matched boron and nitrogen 
atom sites in the h-BN lattice, as illustrated in Figure 9(c), since boron vacancies are firstly generated 
at 80 keV, followed by the removal of the neighboring nitrogen atoms that surrounded the point defects, 
owing to the difference in the knock-on damage thresholds of the boron (74 keV) and nitrogen (84 keV) 
atoms in a BN sheet. The HRTEM image in Figure 10 was used for identifying the B and N atoms by 
the presence of a single boron vacancy and an expanded large triangular defect. Electron energy loss 
spectroscopy (EELS) was qualitatively carried out for elemental analysis of the h-BN film. Figure 9(d) 
represents an EELS spectrum with two visible edges corresponding to the characteristic K-shell 
ionization edges of B and N, respectively.34, 35 In addition, the characteristic π* and σ* energy loss peaks 
at the boron K edge prove that h-BN has sp2 hybridization bonds. Furthermore, it was found from dark-
field TEM images that the grain size of h-BN reaches to a few micrometer range (see Figure 11 and 12). 
Details on the grain size and grain boundaries of h-BN are under study. 
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Figure 9. (a) A low-magnification TEM image of monolayer h-BN. (b) The corresponding diffraction 
pattern of monolayer h-BN showing a set of hexagonal patterns from single layer h-BN. (c) Atomic-
resolution TEM image of monolayer h-BN (scale bar: 1 nm). (d) EELS spectrum of monolayer h-BN. 
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Figure 10. Atomic-resolution TEM image of h-BN. A triangular defect of single boron vacancy in 
single layer h-BN is indicated. Red and blue dots represent B and N, respectively. (Scale bar: 1 nm) 
 
 
 
Figure 11. Monolayer h-BN grain mapping image with an over-laid background of the dark-field TEM 
image. 
37 
 
 
Figure 12. (a) Bright-field TEM (BFTEM) image of monolayer h-BN. (b) The corresponding 
diffraction pattern of monolayer h-BN. (c) Dark-field TEM (DFTEM) image taken from the diffraction 
spot marked with the red circle in (b). (d) DFTEM image taken from the diffraction spot marked with 
the yellow circle in (b). 
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2.4.4 Electrical Characteristics and Recyclable growth of Monolayer h-BN 
The quality of the h-BN layer was estimated on the basis of its resistance. It was previously reported 
that current can flow through the layer if the carbon is doped into h-BN.36,37 The electrical characteristics 
of the h-BN layer were determined using the four-point probe technique. Figure 13(a) shows an optical 
image of the four devices fabricated on a single layer of h-BN, with the channel length and width being 
1 um and 5 um, respectively. The I-V curve in Figure 13(b) shows that no current flowed through the 
devices. The I-V curves of the other devices were same as that in Figure 13(b). Thus, it was determined 
that the h-BN layer exhibited excellent insulating properties, which were indicative of its high quality.  
As can be seen from Figure 14, there was no change in the quality of the h-BN layers grown even 
when the Pt foil was recycled and used to grow monolayer h-BN 100 times. This showed that the Pt 
foil could be used repeatedly as previously mentioned. Therefore, in contrast to Cu and Ni foils, Pt foil 
has numerous advantages. It allows for the synthesis of highly crystalline, monolayer h-BN with 
sufficient reproducibility while being recyclable. In addition, the formed single layer of h-BN could be 
transferred through a rapid bubbling-based method.  
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Figure 13. (a) Optical microscopy image of the four devices fabricated on monolayer h-BN for the 
four-point probe technique. (b) I-V curve of one of the monolayer h-BN devices, indicating the highly 
insulating nature of monolayer h-BN. 
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Figure 14. OM, SEM, and AFM images and Raman spectrum of monolayer h-BN grown on fresh Pt 
foil (a) and 100 times recycled Pt foil (b). 
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2.5 Conclusion 
In summary, we were able to synthesize high-quality, monolayer h-BN on Pt foil over a large area 
using an LPCVD method. The h-BN film grown on Pt foil could be transferred onto a SiO2/Si substrate 
by using the electrochemical bubbling-based method. The Pt foil could be used repeatedly, with the 
quality of the grown h-BN layers remaining unchanged even after 100 growth cycles. More importantly, 
the HRTEM results showed clearly the presence of hexagonal arrays of B and N atoms, indicating that 
the h-BN layer was highly crystalline and single-atom thick. The UV-visible absorption spectrum of 
monolayer h-BN revealed an optical band gap of 6.06 eV. The h-BN film also exhibited excellent 
insulating properties, suggesting that it can be used as a dielectric layer. This method provides a wide 
range of advantages in that it allows for the synthesis of highly crystalline, monolayer h-BN with 
sufficient reproducibility, with the Pt foil used during the process being recyclable. Further, the grown 
h-BN film could be transferred to other substrates through the rapid bubbling-based transfer method.  
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Chapter 3: Catalytic Conversion of Hexagonal Boron Nitride to Graphene 
on Platinum for In-Plane Heterostructure 
 
3.1 Abstract 
Heterostructures of hexagonal boron nitride (h-BN) and graphene have attracted a great deal of 
attention for potential applications in 2D materials. While several methods have been developed to 
produce this material through the partial substitution reaction of graphene, the reverse reaction has not 
been reported. While the endothermic nature of this reaction might account for the difficulty and 
previous absence of such a process, we report herein a new chemical route in which the Pt substrate 
plays a catalytic role. We propose that this reaction proceeds through h-BN hydrogenation; subsequent 
graphene growth quickly replaces the initially etched region. Importantly, this conversion reaction 
enables the controlled formation of patterned in-plane graphene/h-BN heterostructures, without needing 
the commonly employed protecting mask, simply by using a patterned Pt substrate. 
 
3.2 Introduction 
Recent advances in the synthesis of graphene1-2 and hexagonal boron nitride (h-BN)3-4 have enabled 
the large-scale growth of their monolayers. Although graphene and h-BN have similar atomic 
arrangements and a negligible difference of about 2% between their lattice constants, their electronic 
structures are completely different; graphene is a zero band gap semiconductor, while h-BN is an 
insulator with a large band gap of 5.9 eV.5 Because of the structural similarities between the two, it is 
expected that they can form a seamless interface when combined as a hybrid,6-10 leading to precisely 
controlled electronic11-13 and magnetic14 properties through proper interface control. In-plane or lateral 
graphene/h-BN heterostructures have been successfully realized through heteroepitaxial (or sequential) 
growth6-10 and patterned regrowth15-17 methods. Several attempts have been made to develop a patterned 
substitution reaction to directly convert graphene to either h-BN or boron carbonitride (h-BNC).18 This 
process of converting carbon materials to boron nitride structures, though novel to graphene,9, 19 is being 
used since the 1990s. For example, boron nitride nanotubes can be synthesized by effecting a 
substitution reaction on their carbon analogs;20-21 boron nitride sheets have been similarly synthesized 
from multiple carbon sources such as biomaterials and pulps.22 However, to the best of our knowledge, 
the structurally- controlled in-plane heterostructure by the reverse reaction of substituting h-BN to 
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graphene has never been reported. Herein, we report on the first such technique by using h-BN on a Pt 
catalyst to form an in-plane graphene/h-BN heterostructure. We further elucidate the reaction 
mechanism using systematic control experiments. Furthermore, we develop a novel process for the 
formation of a patterned heterostructure through a spatially controlled conversion that does not utilize 
a protecting mask.  
 
3.3 Experimental Section 
3.3.1 Conversion Reaction of h-BN to Graphene on Pt metal Substrate  
Single layers of h-BN were synthesized on Pt foil using ammonia borane as a CVD precursor. The 
precise experimental details can be found in our previous report.3 The resulting complex was then 
loaded into the center of a vacuum quartz tube placed in a furnace. The tube was pumped down to 0.21 
torr with pure argon gas (50 sccm), and then heated to 1000 °C at a steady rate for over 40 min. The 
reaction was initiated with a flow of methane gas (5 sccm) and argon (50 sccm); complete conversion 
was obtained after 20 min.  
 
3.3.2 Transfer Method of the Heterostructure onto Target Substrate 
The produced films were transferred from Pt to SiO2/Si substrate using electrochemical delamination. 
First, poly(methyl methacrylate) (PMMA) was spin coated on the film/Pt foil. The resulting structure 
was then dipped into a 1 M aqueous solution of NaOH and used as a cathode; a piece of bare Pt foil 
was included as an anode. The application of a constant current for 1-5 min caused the formation of H2 
bubbles, effectively detaching the PMMA/film layer from the Pt. The PMMA/film layer was then 
washed with deionized water and transferred onto the target substrate, after which PMMA was removed 
with acetone.  
For delaminating graphene from Pt substrate and h-BN from SiO2 simultaneously, we used the 
electrochemical delamination using HF as electrolyte. First, PMMA was spin coated on the film/Pt-
SiO2 substrate. The resulting structure was then dipped into a solution of HF. The application of a 
constant current caused the formation of H2 bubbles on the Pt surface. At the same time, SiO2 under h-
BN films can be etched by HF solution. The detached PMMA/film layer was then washed with 
deionized water and transferred onto the target substrate, after which PMMA was removed with acetone. 
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3.3.3 Characterization of the Heterostructure 
The surface morphology of the samples was characterized by optical microscopy (Axio Scope.A1, 
Carl Zeiss), SEM (S-4800, Hitachi), and AFM (Dimension 3100, Veeco). Raman spectra were measured 
using a micro Raman spectrometer (Alpha 300s, WITec) equipped with a 532 nm laser. X-ray 
photoelectron spectra (K-Alpha, Thermo Fisher) were measured to identify h-BN boron and nitrogen 
atoms and graphene carbon atoms. Low-voltage aberration-corrected TEM (Titan Cube G2 60-300, FEI) 
was applied at 80 kV with a monochromated electron beam and combined with EELS in order to obtain 
ultra-high-resolution imaging of the h-BN and graphene surfaces. The surface potential of the samples 
was measured by Kelvin probe force microscopy (XE-70, PSIA) using a dual pass scanning probe 
technique in tapping mode. A SPECS JT-STM system was used for STM characterizations. 
 
3.4 Results and Discussion 
3.4.1 Catalytic Effect of Pt Metal Substrate for Conversion Reaction of h-BN to Graphene 
To better understand the inherent difficulty of converting BN to carbon, we compared the 
thermodynamics of both the graphene to h-BN conversion and the reverse reaction using the standard 
enthalpy of reaction (∆HR), which can be easily calculated by Hess’s law.23  
B3N3H6 + 6 C (graphene) + 9 H2 → 3 BN (h-BN) + 6 CH4 (∆HR = -670.95 kJ/mol) (1) 
BN (h-BN) + 3 CH4 → 3 C (graphene) + 2 BH3 + 2NH3 (∆HR = 810.63 kJ/mol)         (2) 
Equation (1) was derived from experimental data produced by Lu et al.,19 in which borazine was used 
as a source and methane was formed. In equation (2), methane was used as the carbon precursor, while 
borane and ammonia were produced. Overall, the conversion of h-BN is endothermic, while that of 
graphene is exothermic. Therefore, h-BN conversion to graphene requires a significant amount of 
energy to overcome the activation barrier, as shown in Figure 1. This explains why no reaction occurred 
when an h-BN sheet on a SiO2/Si substrate was heated to 1000 °C under methane (Figure 2), even 
though it is known that graphene on a Si substrate under boric acid and ammonia does undergo 
conversion.18  
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Figure 1. Thermodynamic energy diagrams of conversion reactions. (a) Conversion reaction from 
graphene to h-BN; exothermic reaction. (b) Conversion reaction from h-BN to graphene; endothermic 
reaction. 
 
 
 
Figure 2. The conversion reaction on SiO2/Si substrate. (a,b) Raman spectrum and SEM image of h-
BN film transferred onto SiO2/Si substrate before and after conversion reaction for 20 min. After the 
conversion reaction, the characteristic peak of h-BN at 1,373 cm-1 is not shown due to broad peaks of 
amorphous carbon.  
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3.4.2 Characterization of Graphene/h-BN In-Plane Heterostructure 
In this study, we chose a Pt substrate as a catalyst, given extensive research demonstrating it to be the 
best catalyst for the hydrogenation24 and the best substrate for growth of monolayer h-BN through low-
pressure chemical deposition (LP-CVD).3 Overall, the conversion was expected to proceed via a 
mechanism similar to the one outlined in Figure 3a. Reaction progress was monitored with samples that 
were transferred onto SiO2/Si substrates after specific reaction times (Figure 3b-d) by using Raman 
spectroscopy (Figure 3e-g). Before conversion, a Raman band was observed at about 1373 cm-1, which 
is attributed to the E2g phonon mode of the monolayer h-BN (Figure 3e).3, 25 However, the spectrum 
taken for a sample that had been subjected to a reaction for 20 min is characteristic of monolayer 
graphene (Figure 3g), with very narrow G (full width at half maximum (FWHM) = 16.10 cm-1) and 2D 
(FWHM = 27.95 cm-1) bands and a 2D/G intensity ratio of 2.5. In addition, the negligible D band 
observed implies that the produced graphene has the high quality.26 A shorter 10 min reaction time gave 
a clear in-plane graphene and h-BN heterostructure (i-G/BN), as shown in Figure 3c; the purity of both 
the graphene (dark) and h-BN (bright) regions was also confirmed by the Raman spectra (Figure 3f).  
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Figure 3. Conversion mechanism and Raman characterization. (a) Mechanism for the investigated 
conversion process. Boron, nitrogen, carbon, hydrogen, and platinum atoms are represented in yellow, 
blue, red, black, and gray, respectively. (b-g) Optical images (b-d) and Raman spectra (e-f) of h-BN, h-
BN/graphene, and fully converted graphene samples transferred to SiO2/Si substrates, resulting from 
the reaction times of 0 (b,e), 10 (c,f), and 20 min (d,g), respectively. 
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The pristine h-BN, i-G/BN, and fully converted graphene were further characterized by scanning 
electron microscopy (SEM), atomic force microscopy (AFM), and transmission electron microscopy 
(TEM). Figure 4a-c show SEM images of these samples transferred onto SiO2/Si substrates. As expected, 
the graphene region was much brighter than the h-BN region given its higher conductivity. Furthermore, 
many dark lines were observed in the graphene region; these were identified as wrinkles by AFM 
(Figure 4d-f). The formation of this feature results from the differences in the thermal expansion 
coefficient between grown materials and metal substrates.28 Although both graphene and h-BN have 
negative thermal expansion coefficients, that of graphene (approximately -8.010-6 K-1)29 is far greater 
in magnitude than h-BN (approximately -2.710-6 K-1)30, explaining why wrinkles are so pronounced 
in one and not the other.  
TEM experiments revealed differences in vacancy formation due to the applied electron beam. A large 
triangular hole was generated in h-BN (Figure 4g) due to the difference in knock-on damage thresholds 
of boron (74 keV) and nitrogen (84 keV).31 Because 80 keV of the electron beam was used for the 
measurement, boron atoms are removed first, followed by neighboring nitrogen atoms. On the other 
hand, the homoatomic configuration of graphene means that electron beam irradiation results in 
randomly shaped holes in the graphene sheet (Figure 4h).32 Figure 4i shows electron energy loss 
spectroscopy (EELS) spectra for the h-BN (red line) and graphene (blue line) regions. h-BN had two 
visible edges, corresponding to the characteristic K-shell ionization edges of boron and nitrogen. In 
addition, the characteristic π* and σ* energy loss peaks at the boron K edge prove that the h-BN lattice 
has sp2 bonds. Meanwhile, graphene showed that π* and σ* energy loss peaks at the carbon K edge are 
consistent with the sp2 carbon bonds. 
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Figure 4. Morphology and microstructure. SEM and AFM images of h-BN (a,d), h-BN/graphene (b,e), 
and fully converted graphene (c,f) transferred onto SiO2/Si substrates, of which conversion time was 0 
min (a,d), 10 min (b,e), and 20 min (c,f), respectively. Inset of (e): Height profile corresponding to the 
white line in (e), indicative of significant wrinkles. (g-h) Atomic-resolution TEM images of monolayer 
h-BN and converted graphene. (i) EELS spectra of monolayer h-BN (red) and graphene (blue). 
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Figure 5a,b shows an optical image and Raman spectra for the interface region of h-BN and graphene. 
The interface Raman spectrum (green in Figure 5b) shows the G and D peaks of graphene with an 
intervening E2g h-BN peak, further indicating hybridization.18 The hybridized h-BNC was also 
identified in the SEM image of Figure 4b. Meanwhile, surface potential was estimated by measuring 
the contact potential difference with Kelvin probe microscopy (KPM).33 The KPM image in Figure 5c 
shows that the measured effective surface potential (Vsp) of graphene (Vsp,G) is about 330 meV higher 
than that of h-BN (Vsp,h-BN). However, in the h-BNC region, this value changes gradually, which 
indicates a concentration gradient. The atomic concentration gradient of BN has been calculated from 
the Vsp values according to the following equation (3) (Figure 5d). We assumed that the measured 
surface potential at i-G/BN area was determined by the arithmetic mean of the surface potential of 
graphene and h-BN with concentration, since the surface potential is defined as electrostatic “potential 
energy” at the surface.  
In probability theory, the arithmetic mean can be calculated as,  
E(x) = ∑ 𝑥𝑖𝑝𝑖
∞
𝑖=0  (𝑥: specific value, 𝑝: probability) 
Accordingly, the surface potential can be written as, 
𝑉𝑠𝑝 = 𝑉𝑠𝑝,𝐺𝐶𝐺 + 𝑉𝑠𝑝,ℎ−𝐵𝑁𝐶 ℎ−𝐵𝑁 (C : concentration) 
= 𝑉𝑠𝑝,𝐺(1 − 𝐶ℎ−𝐵𝑁) + 𝑉𝑠𝑝,ℎ−𝐵𝑁𝐶ℎ−𝐵𝑁 
From this equation, concentration of h-BN can be written as,  
Concentration of BN =  
𝑉𝑠𝑝−𝑉𝑠𝑝,ℎ−𝐵𝑁
𝑉𝑠𝑝,𝐺−𝑉𝑠𝑝,ℎ−𝐵𝑁
  (3) 
These data confirm the presence of both fully converted and unconverted regions separated by a 
hybridized interface region in the partially reacted sample. This behavior is distinct from that observed 
during the conversion of graphene to h-BN;18 in that case, the reaction proceeds throughout the sample. 
This observation implies that the Pt foil induces a spatial difference in reaction rate, indicating that the 
local reaction environment highly influences the conversion.  
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Figure 5. Measurement of surface potential for the i-G/BN heterostructure. (a) Optical image of the i-
G/BN interface on SiO2/Si substrate. (b) Raman spectra at different positions around the i-G/BN 
interface. (c) KPM image of the marked yellow area in (a), taken before transferring from the Pt 
substrate. (d) Plots of surface potential and BN concentration following the white line in (c). 
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Scanning tunneling microscopy (STM) was therefore used to further clarify the exact atomic structure 
and confirm conversion. The reaction was carried out on a Pt (111) single crystal for this purpose. STM 
images in Figure 6a and b show a narrow graphene region between the h-BN regions, and the height 
profile shown in Figure 6d indicates that Pt step edges were present under the graphene layer, as 
demonstrated by the illustration in Figure 6c. This observation indicates that the conversion reaction 
occurs at grain boundary of h-BN on the Pt step edges. A higher resolution STM image in Figure 6b 
shows that bonds were formed between graphene and h-BN, even though we could not clarify the exact 
atomic configuration of the interface between graphene and h-BN. Note than bright protrusions at h-
BN region are not due to single atoms but due to the interfered Moire structure. The chemical 
configuration of each region was further analyzed by two-dimensional fast Fourier transform (2D-FFT) 
images and scanning tunneling spectroscopy (STS) spectra. The STS spectrum of the middle region 
(green line in Figure 6e) also shows marked differences from the side regions (blue and orange lines in 
Figure 6e), in that it shows a Dirac point at 0.3 eV below the Fermi level while the others do not. This 
is consistent with electron transfer from Pt to graphene, as confirmed by angle-resolved photoemission 
spectroscopy.35 The (0110) lattice spacing of 2.141 Å obtained in the middle region (Figure 6g) is 
shorter than the 2.193 and 2.182 Å values obtained for the left and right regions, respectively (Figure 
6f and h). These values agree well with the (0110) lattice spacing values of graphite (2.14 Å) and bulk 
h-BN (2.18 Å).36 Meanwhile, the difference in the rotational orientations demonstrated by 2D-FFT in 
Figure 6f-h shows strong evidence that grain boundaries existed between the two h-BN domains before 
the conversion reaction; Figure 6f-h show three different regions with relative rotational orientation 
with R0o, R3o and R9.5o, respectively. The interfacial region in Figure 6 is obviously distinguished from 
the interface of an unreacted h-BN grain boundary shown in Figure 7a-b, in which the additional narrow 
graphene region does not appear between two h-BN layers. Thus, it supports that the narrow interface 
in Figure 6 is converted graphene.  
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Figure 6. STM analysis of early conversion. (a) An STM image of the i-G/BN heterostructure on Pt 
(111). The sample bias (Vs) =50 mV, and the feedback current (If) = 5 nA. The interfaces between h-BN 
and graphene are marked with red dashed lines. (b) A magnification image of the marked white square 
in (a). (c) Illustration of the i-G/BN heterostructure. (d) Height profile corresponding to the orange line 
in (a). (e) dI/dV spectra corresponding to the colored points in (a). (f-h) FFT results corresponding to 
the colored points marked in (a). Colored arrows indicate (01-10) directions of h-BN or graphene layers, 
relative angles were estimated as R0o (orange), R3o (green), and R9.5o (blue), respectively. 
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Figure 7. Scanning tunneling microscopy (STM) study on unreacted h-BN grain boundary in initial 
conversion reaction. (a) High-resolution STM image of h-BN on the step edge of Pt (111). The red dash 
line is marked on grain boundary of h-BN. (b) High-magnification image of the marked white square 
in (a). (c) Height profile corresponding to the orange line in (a). (d,e) The fast Fourier transform (FFT) 
results of h-BN (right) and h-BN (left) part. The rotational angle difference between two h-BN region 
was estimated as 23o from FFT images (d,e). 
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3.4.3 Conversion Process of h-BN to graphene on Pt for the In-Plane Heterostructure 
Shorter reactions were performed to further elucidate the conversion process. Figure 8a-e track these 
conversions by SEM for the reaction times of 0, 0.5, 1, 3, and 5 min, respectively; the associated 
illustrations are provided in Figure 8f-j, respectively. Narrow dark lines of converted graphene are 
observed in the 0.5 min reaction, and become significantly wider after 1 min. In the 3 min reaction 
sample, the dark graphene regions have grown together, while the brighter h-BN regions take on isolated 
oval shapes. Complete conversion was observed in multiple portions after 5 min. This reaction occurs 
mainly at the underlying step edges of the catalyst, with no reaction occurring initially for sparser 
regions (Figure 9). The SEM image in Figure 9c shows h-BN layer, which is darker than h-BN in Figure 
8b. The dark lines are supposed to be grain boundaries of h-BN. The conversion rate of h-BN is affected 
by step edges of Pt grain. Note that the conversion reaction at the region having numerous step edges 
(green box, Figure 9b) is faster than at sparse step edge region (yellow box, Figure 9c) in short reaction 
time. This is consistent with the fact that the catalytic activity of Pt atoms on the catalyst edges is 
significantly higher than that of Pt atoms in the bulk lattice.34 Of course, longer reaction for 20 min 
induces full conversion of whole h-BN to graphene as shown in Figure 4 and 8.  
In addition, the conversion rate is high near the catalyst grain boundaries (Figure 10). Note that h-BN 
near the Pt grain boundary was already converted to graphene (“G” region). The conversion reaction 
rate of the green box region (Figure 10d) is faster than that of the blue box region (Figure 10c). Gong 
et al.18 suggested that graphene conversion to h-BN begins at point defects. However, if this were the 
case in our reaction, graphene islands should be observed rather than h-BN islands (Figure 11a-c). 
However, the observed behavior in Figure 8d indicates that the reaction proceeds from grain boundaries 
of h-BN (Figure 11d-f). 
These observations suggest a plausible reaction mechanism. At high temperatures, methane molecules 
decompose into carbon and hydrogen radicals. The hydrogen radicals could bind to the Pt atoms, which 
would be followed by the etching of h-BN to form NHx and BHx. This would proceed most effectively 
at the h-BN grain boundaries because it would be easier for hydrogen atoms to diffuse at these points. 
We performed the hydrogenation of h-BN on Pt and SiO2/Si substrates by flowing H2 gas only, to 
elucidate that the hydrogen-etching by the hydrogen radicals decomposed from CH4 occurs at the initial 
reaction step. Each h-BN film prepared on the Pt foil and SiO2/Si substrate was placed in the center of 
the tube furnace, and only H2 gas (10 sccm) was introduced into the furnace at 800 oC. We observed 
that the whole h-BN film was etched at 1000 oC even for 1 min, and so we carried out the hydrogen-
etching reaction at low temperature, 800 oC. On the Pt substrate, the dissociation of the H2 gas in that 
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temperature generates H radicals which can etch h-BN sheet by the H-assisted detachment of B and N 
from h-BN grain boundary.9 After the hydrogenation of h-BN for 5 min, the sample was characterized 
by SEM and AFM image. Figure 12a,b show SEM and AFM images of hydrogen-etched h-BN film 
transferred onto SiO2/Si substrate. We can easily distinguish the etched and unetched areas of h-BN 
film by SEM contrast. It is supposed that the etching of h-BN occurs from grain boundary possibly due 
to diffusion of hydrogen through the grain boundary. To confirm the catalytic role of Pt in h-BN etching, 
the hydrogen treatment of the h-BN film on SiO2/Si substrate was attempted. However, it was found 
that h-BN sheet remained unetched on SiO2/Si substrate (Figure 12c,d). Therefore, we confirmed that 
the h-BN on Pt substrate can be etched by hydrogenation, which is an initial step in the conversion 
mechanism. 
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Figure 8. Early conversion of h-BN to graphene. (a-e) SEM images for the conversion times of (a) 0, 
(b) 0.5, (c) 1, (d) 3, and (e) 5 min, respectively. The SEM images were measured on Pt foil. All scale 
bars are 500 nm. (f-j) Schematic illustrations of time dependent reaction mechanism.  
 
 
 
Figure 9. Effect of Pt step edges on the conversion reaction. (a) SEM image showing two Pt grains after 
the conversion reaction for 1 min. The contrast difference between two grains comes from the Pt grain 
orientation. (b,c) Zoom-in images of the green (b) and yellow (c) box in (a). The bright oval shapes in 
(b) are for h-BN and dark area is for graphene. (d) SEM image of conversion reaction on two Pt grains 
for 20 min shows full conversion to graphene. (e,f) Zoom-in images of the red (e) and blue (f) box in 
(d). Inset of (e,f): Raman spectra of fully converted graphene samples transferred onto SiO2/Si substrate. 
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Figure 10. Effect of Pt grain boundary on the conversion reaction. (a,b) SEM images of conversion 
reaction on Pt grain for 1 min. The grain boundary of Pt is marked with the white line and the conversion 
reaction proceeds in the direction of red arrows. (c,d) Zoom-in images of the blue (c) and green (d) box 
in (b).  
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Figure 11. Schemes for two types of initial points in the conversion reaction. (a-c) scheme of the 
conversion reaction initialized on single defect in basal grain of h-BN. It induces graphene islands. (d-
f) scheme of the conversion reaction initialized on grain boundary of h-BN. It induces h-BN islands. 
 
 
Figure 12. Hydrogen-etching of h-BN on Pt and SiO2/Si substrates. (a,b) SEM and AFM images of 
hydrogen-etched h-BN film transferred on SiO2/Si substrate after the hydrogenation on Pt substrate. 
(c,d) SEM and AFM images of hydrogen-etched h-BN film on SiO2/Si substrate. 
63 
 
3.4.4 Conversion Reaction of h-BN on the Other Substrate (SiO2, Cu, Ru) 
In addition, to compare the catalytic effect of Pt with that of other substrates, we performed the 
conversion reaction of h-BN on SiO2, Cu, and Ru substrates under the same experimental condition as 
Pt substrate. The Raman spectra in Figure 2a were taken from the sample before and after the conversion 
reaction on SiO2/Si substrate for 20 min. The Raman spectrum of h-BN before the conversion reaction 
shows a characteristic peak of h-BN. The Raman spectrum after the conversion reaction indicates that 
the amorphous carbon was formed on h-BN during the reaction because of no catalytic effect of SiO2. 
The characteristic peak of h-BN at 1,373 cm-1 is not shown due to broad peaks of amorphous carbon. 
In the SEM image of h-BN film on SiO2/Si substrate after the reaction (Figure 2b), the dark lines were 
observed which are regarded as amorphous carbon lump possibly forming on wrinkles or grain 
boundary of h-BN during the reaction, which is consistent with the Raman spectrum. The Raman 
spectrum of the sample transferred onto SiO2/Si substrate after doing the conversion reaction on Cu 
(Figure 13) also demonstrate the negligible conversion reaction on Cu substrate. We observed only 
Raman peak of h-BN even after the conversion reaction (Figure 13a). Note that h-BN sheet was 
transferred on Cu foil and its Raman spectrum was not measured before the conversion reaction due to 
fluorescence of Cu.  
 We also performed the conversion reaction on ruthenium (Ru) foil (Goodfellow). While Pt metal is 
known as the best catalyst for hydrogenation, Ru metal can be also used for selective hydrogenation. In 
2011, Sutter et al. reported H2 induced etching of h-BN grown on Ru substrate.27 They mentioned that 
the hydrogen etching process is the H-assisted detachment of B and N from the h-BN films, forming 
hydrated BHx and NHx species from the h-BN edge. However, They considered that Pt metal has higher 
catalytic effect for hydrogenation than Ru.27 To confirm their catalytic abilities for our reaction, we 
performed the conversion reaction of h-BN on Pt and Ru substrates and measured X-ray photoemission 
spectroscopy (XPS) spectra to investigate the degree of conversion reaction by comparing peak 
intensities of the elements B, N, and C. The B and N 1s peak of h-BN grown on Pt and Ru substrates 
are located at 190.08 eV and 397.58 eV, respectively, similarly to the position of h-BN in previously 
reported papers. After the conversion reaction of h-BN on Pt substrate for 20 min, we observed XPS 
spectra (Figure 13c-e) with only increased C peak corresponding to the graphene, but no B and N peaks. 
It means that the h-BN film on Pt substrate was completely converted to graphene. In contrast, we could 
observe the B and N 1s peaks after the same reaction on Ru foil, although their intensities decreased 
(Figure 13f-h). This observation demonstrated that h-BN was not fully converted to graphene, indicating 
lower catalytic ability of Ru than Pt. The B, N, and C atomic percent ratios from XPS survey before 
and after the conversion were calculated to be 32 : 31 : 27 and 22 : 22 : 56, respectively. Table 1 
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summarizes conversion ratios of h-BN to graphene on Pt and Ru at different reaction times, which were 
determined by XPS. The catalytic activity of Pt was reported once, but did not show controlled 
heterostructures; The exposure of ethylene to h-BN on Pt (111) involved significant hydrogen-induced 
etching of h-BN and subsequently independent nucleation and growth of graphene, which finally 
replaced h-BN.9 
 
 
  
65 
 
 
 
Figure 13. The conversion reaction on Cu, Pt, and Ru substrates. (a,b) Raman spectrum and SEM image 
of h-BN film transferred onto SiO2/Si substrate after conversion reaction on Cu substrate. (c-e) XPS 
spectra of (c) B 1s, (d) N 1s, and (e) C 1s on Pt substrate. (f-h) XPS spectra of (f) B 1s, (g) N 1s, and 
(h) C 1s on Ru substrate. The black and red lines are associated with films before and after conversion 
reaction for 20 min, respectively. 
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Table 1. The conversion ratios of h-BN to graphene on Pt, Ru, Cu, and SiO2/Si substrates 
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3.4.5 Fabrication of Patterned In-Plane Heterostructure Using Patterned SiO2-Pt Substrate 
Since this conversion reaction is highly dependent on the substrate, it can be spatially controlled by 
patterned substrates. We first prepared a patterned substrate consisting of Pt and SiO2 using e-beam 
lithography and reactive-ion etching. The CVD-grown h-BN film was then transferred to the patterned 
substrate, reacted, and transferred to a SiO2/Si substrate (Figure 14a). Figure 14b shows an optical image 
of this alternative graphene/h-BN film on the SiO2/Si substrate. Meanwhile, the red and blue lines in 
Figure 14c show the corresponding Raman spectra of the h-BN and graphene regions, respectively. 
Raman image mapping (Figure 14d) in the 2D band (2630-2730 cm-1) confirms that only the h-BN 
layers on the Pt area were converted to graphene. This process is distinct from previous ones, in which 
a deposited silica mask was used as a protecting layer.18 This newer, mask-free process is advantageous 
because we do not need to consider any diffusion of decomposed materials underneath the silica mask 
layer (Figure 15). In the case using a metal substrate, SiO2 mask layer cannot prohibit the diffusion of 
decomposed carbon atoms in the metal substrate, and so converted graphene is not defined (Figure 16). 
However, in the case of Pt-SiO2 substrate, the decomposed carbon atoms cannot diffuse to the SiO2 
region, and finally the conversion to graphene occurs only on Pt surface, providing with a defined 
graphene pattern. Therefore, the spatially controlled conversion on Pt-patterned substrate is applied to 
h-BN to graphene conversion reaction more appropriately. But, the optimizing the fabrication process 
including Pt etching and SiO2 deposition is not simple. Especially, making a negligible height difference 
between Pt and deposited SiO2 is very challenging. We are still improving this patterning process. 
Despite of technical problem for making patterned substrate, we believe conversion reaction itself has 
a significant advantage for the good sharpness between patterned graphene and h-BN, when metal 
substrate is used for the reaction owing to diffusion issue. 
 
68 
 
 
Figure 14. Fabrication of patterned i-G/BN heterostructures. (a) Mask-free patterning process on Pt-
patterned substrate. The conversion only occurs at the Pt region. (b) Optical image of the graphene/h-
BN stripes on SiO2/Si substrate. (c) Raman spectra of the h-BN (red) and graphene (blue) regions 
marked in (b). (d) Raman mapping in the 2D (2630-2730 cm-1) band for the marked area in (b). 
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Figure 15. Interface of patterned i-G/BN heterostructures. (a) Optical image of the interface between 
graphene and h-BN grown on patterned substrate. The Raman spectra were obtained at different 
positions (black line) with 500 nm interval in (a). The white dash line is marked on the interface of h-
BN and graphene. (b,c) the spectrum of h-BN (b) was changed to that of graphene (c) in the region 
between 3 and 4 point. At point 4, the D band is large due to contribution of the interface region. It 
means that the interface between graphene and h-BN has the good sharpness with less than ~ 500 nm. 
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Figure 16. Comparison of patterned G/BN heterostructures. (a) Patterned conversion reaction using 
SiO2 hard mask.5 (b) SEM images of the graphene/h-BN stripes on Pt after the etching of SiO2 mask. 
The removed SiO2 masks on the h-BN regions are marked with white dashed lines. (c) Problem of 
patterned conversion using SiO2 hard mask.  
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3.5 Conclusion 
In conclusion, we first accomplished the conversion reaction of h-BN to graphene on a catalytic Pt 
substrate and fully characterized the resulting h-BN, i-G/BN, and converted graphene segments. Pt 
showed higher catalytic activity than SiO2, Cu, and Ru, and followed a reaction pathway that began 
with hydrogenation and ended with graphene growth. Further analysis suggested that the hydrogenation 
process begins at the h-BN grain boundaries. Finally, we used the results obtained in this research to 
develop a new process for fabricating patterned i-G/BN heterostructures without a protecting mask layer. 
We believe that this work extends the available understanding of the thermodynamics of graphene and 
h-BN growth and will also accelerate the development of new types of i-G/BN heterostructure devices.  
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Chapter 4: Fabrication of Size-Controlled Uniform Graphene Quantum 
Dots Embedded in Monolayer Hexagonal Boron Nitride Using Conversion 
Reaction on Platinum Nanoparticles 
 
4.1 Abstract 
Many approaches such as hydrothermal cutting, electrochemical process for exfoliation, 
nanolithography, and stepwise organic syntheses have been developed to fabricate graphene quantum 
dots (GQDs). However, they are time-consuming and costly, and furthermore, precise control over the 
morphology and size distribution of GQDs remains challenging. Here, we demonstrate spatially 
controlled conversion of hexagonal boron nitride (h-BN) to graphene on an array of Pt nanoparticles 
(NPs) to realize an array of uniform GQDs embedded in a h-BN sheet. A uniform Pt NP array was 
formed on a SiO2/Si substrate with the aid of self-patterning diblock copolymer micelles, and the h-BN 
sheet was transferred on the Pt NPs array, followed by the conversion of h-BN on Pt to GQDs. The size 
of the obtained GQDs corresponded with the sizes of the Pt NPs, because of the selective conversion of 
h-BN on top of Pt NPs. Uniform and precisely controlled size of the GQDs ranging from 7 to 13 nm 
was achieved. We grow graphene quantum dots (GQD) inside the matrix of hexagonal boron nitride (h-
BN), which allows a dramatic reduction of the number of localized edge states along the perimeter of 
the quantum dots due to the similar lattice structure of graphene and h-BN. We used such GQDs 
embedded in h-BN as part of van der Waals heterostructures to produce vertical single electron 
tunneling transistors operating in Coulomb blockade regime, which opens even larger flexibility when 
designing future devices. 
 
4.2 Introduction 
Graphene quantum dots (GQDs) have received tremendous attention owing to the quantum 
confinement and functionalization effects, which enable control over their bandgap and improve the 
quantum efficiency in nanoscale optoelectronic devices. GQDs are typically fabricated by top-down 
methods including hydrothermal cutting and chemical exfoliation from bulk graphite.1-3 These methods 
are simple and enable mass production because of the good solubility of GQDs in various solvents. 
However, they do not allow a precise control over the morphology and size distribution of the GQDs. 
To overcome this limitation, electron beam lithography was employed to etch graphene sheets on the 
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substrate to obtain specific sizes (30–250 nm).4-7 Although the size can be controlled with a very high 
precision by e-beam lithography, fabrication of GQD arrays by this process requires very specialized 
equipment and is time-consuming, and it is not easy to produce the GQDs with sizes below 20 nm 
because of the limitations of the technique. Meanwhile, Lee et al. reported size-controlled fabrication 
of uniform GQDs with sizes ranging from 10 to 20 nm using a silicon nanoparticles (NPs) array as an 
etch mask on CVD-grown graphene films.8 However, this method induced the oxygen functionalization 
during O2 plasma treatment for etching, thereby leading to blue photoluminescence (PL) from sp2 sub-
domains isolated by oxygen-based functional groups in GQDs. Thus, it has been challenging to control 
the size and array of GQDs, to obtain well-defined structures to identify and study their intrinsic 
properties such as quantum confinement without the functionalization effects. 
Hexagonal boron nitride (h-BN), a two-dimensional (2D) insulator with a large bandgap, is a suitable 
matrix for embedding GQDs owing to the small lattice mismatch (~2%) between graphene and h-BN, 
as it can protect the edges of GQDs from the functionalization effect. In fact, it is well-known that h-
BN can be assembled with graphene in in-plane 2D heterostructures which has been successfully 
achieved by patterned regrowth,9-11 heteroepitaxial growth,12-14 and conversion reactions.15, 16 Recently, 
graphene nanoribbons (GNRs) embedded on h-BN sheets were realized though a templated growth 
method using h-BN trenches.17 The embedded GNR channels showed bandgap opening (>0.4 eV) and 
excellent electronic properties (on-off ratio: >104, carrier mobility: ~750 cm2/V s) even at room 
temperature. However, in case of zero-dimensional GQDs, although there are several theoretical studies 
to estimate their stable electronic and magnetic properties without the edge effect18-20, there have been 
no experimental studies. Moreover, it is important to embed GQDs in h-BN sheets so as to observe the 
quantum confinement depending on the size of the GQDs by passivating the GQD edges with the 
insulating material. 
In this study, we fabricated arrays of uniform GQDs embedded in h-BN sheet via spatially controlled 
conversion of h-BN on Pt NPs arrays. Uniform Pt NPs were formed on a SiO2/Si substrate using self-
patterning micelles of a diblock copolymer on which h-BN films were transferred before carrying out 
the conversion reaction to obtain GQD. This method not only enables the fabrication of size-controllable 
GQDs depending on the size-scale of Pt NPs, but also allows the formation of GQD edges effectively 
passivated with h-BN. We would like to stress that our method allows the formation of GQDs of 
arbitrary shape, and also can be extended to the building of other structures and devices. We then used 
h-BN tunneling barrier and graphene electrodes in order to form contacts to such quantum dots, creating 
single electron tunneling transistors. Such method results in very precise, reproducible contact 
resistance, and the graphene-h-BN interface free of localized states. 
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4.3 Experimental Section 
4.3.1 Growth of Graphene Quantum Dots Embedded in h-BN Sheet 
The single layer of hexagonal boron nitride (h-BN) is synthesized on Pt foil using ammonia borane as 
a precursor using a chemical vapor deposition (CVD) method. Experimental details on the synthesis of 
CVD-grown h-BN on Pt can be found in a previous report.21 The Pt nanoparticle (NPs) array on a SiO2 
substrate was prepared using self-patterning diblock copolymer micelles.22 A monolayer of polystyrene-
block-poly(4-vinylpyridine) (PS-P4VP) micelles with H2PtCl6, a precursor of Pt NPs, in their cores was 
spin-coated on the SiO2 substrate. To fabricate the Pt NP array, the micellar film on the SiO2 was 
annealed at 400 °C for 30 min in air. The h-BN films were transferred onto the Pt NPs/SiO2 substrate 
using a wet-transfer method (electrochemical delamination). Then, the h-BN transferred on Pt NPs/SiO2 
was loaded into the center of a vacuum quartz tube in a furnace for the conversion reaction. The tube 
was pumped down to 0.21 Torr with pure Argon gas (50 sccm). Then the furnace was heated to 950 °C 
in 40 min. When the reaction starts, methane gas (5 sccm) with Argon (50 sccm) was flown as the source 
for graphene growth. During the reaction, the h-BN region on the Pt NPs was converted to graphene, 
and after 10 min of growth, a uniform GQD array embedded in h-BN film was obtained.  
The GQD/h-BN film on Pt NPs/SiO2 could be transferred onto any other substrate via a wet-transfer 
method using HF and an aqua regia solution. First, polystyrene (PS) was spin-coated on the sample, 
and it was immersed in a HF solution (5% in DI water) to remove the SiO2 layer. Then, the floating PS 
film was transferred to the aqua regia solution (3:1 mixture of hydrochloric acid and nitric acid) to 
remove Pt NPs. Finally, the film was transferred onto the target substrate and the PS film was removed 
with toluene to obtain a GQD/h-BN film on the substrate. 
 
4.3.2 Characterization of GQD/h-BN Heterostructure 
Scanning electron microscopy (Verios 460, FEI) and atomic force microscopy (Dimension Icon, 
Bruker) were used to determine the surface morphology of the samples. Raman and PL spectra were 
measured using a micro Raman spectroscope (alpha 300, WITec GmbH) using 532-nm and 266-nm 
lasers, respectively. The UV-vis absorption spectra of the GQD/h-BN samples were recorded on a Cary 
500 UV-vis-near IR spectroscope, Agilent. X-ray photoelectron spectroscopy (K-Alpha, Thermo Fisher) 
and Nano-FTIR (neaSNOM, neaspec) were performed to determine the composition of the GQD and 
confirm the formation of an interface between GQD and h-BN. Low voltage Cs aberration-corrected 
transmission electron microscopy (Titan Cube G2 60-300, FEI), operated at 80 kV with a 
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monochromated electron beam, was used for electron energy loss spectroscopy (EELS) analysis. The 
spatial resolution and energy resolution for EELS measurement are 0.2 nm and 0.25 eV, respectively. 
 
4.3.3 Device Fabrication of Single Electron Tunneling Transistor 
The electrical response of the graphene quantum dots (GQDs) embedded in monolayer h-BN was 
investigated by assembling vertical tunnel van der Waals heterostructures consisting of the stack of 
Si/SiO2/30nm_h-BN/Gr/2h-BN/GQD/2h-BN/Gr/20nm_h-BN. Here, the bottom and top layers of h-BN 
were used for the purpose of encapsulation. As the GQDs are embedded in the large area monolayer h-
BN on SiO2/Si, the vertical heterostructure was assembled in two halves by adopting a mix of dry and 
wet flake transfer procedure: first, a stack of Si/SiO2/~30 nm h-BN/Gr/h-BN was prepared by standard 
flake exfoliation and dry transfer procedure. To prepare the other half, a stack of 2L h-BN/Gr/ ~20 nm 
h-BN was prepared by the dry pick up procedure using a PMMA membrane. This stack on the 
membrane was aligned and dropped on the GQDs h-BN/SiO2/ Si substrate. To release the stack from 
Si/SiO2, 8% PMMA was spun on the sample and Si/SiO2 was etched using KOH solution. The floated 
membrane was thoroughly rinsed with DI water several times to remove KOH residues from the 
membrane. Finally, to complete the device, this membrane containing GQDs/2L h-BN/Gr/~20nm h-BN 
was dropped on the stack prepared in the first half. 
For electrical characterization of this vertical heterostructure, Cr/Au edge contacts were made on the 
top and bottom graphene layers using electron beam lithography followed by boron nitride etching, 
metal deposition, and lift-off process. 
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4.4 Results and Discussion 
4.4.1 Fabrication and Surface Characterization of GQD/h-BN In-Plane Heterostructure 
We developed a method for fabricating in-plane graphene/h-BN heterostructures using a conversion 
reaction on a patterned Pt-SiO2 substrate.16 Based on the spatially controlled conversion, the growth of 
in-plane GQD/h-BN heterostructure was achieved on the Pt nanoparticle (NP) array on the SiO2 
substrate, as illustrated in Figure 1. The h-BN film was first grown on Pt foils via a chemical vapor 
deposition (CVD) method using ammonia borane as the precursor.21 The experimental details for the 
growth and the characterization of monolayer h-BN are provided in the experimental section and Figure 
2. For the fabrication of GQD/h-BN, the h-BN film was transferred onto the Pt NP array on the SiO2 
substrate prepared with the aid of self-patterning diblock copolymer micelles.22 Pt NPs were obtained 
by spin-coating a monolayer of polystyrene-block-poly(4-vinylpyridine) (PS-P4VP) micelles with 
H2PtCl6, the precursor for Pt NPs within their cores, followed by annealing at 400 °C. Then, the 
conversion of the h-BN sheet to graphene on the array of Pt NPs on the SiO2 substrate was accomplished 
at ~950°C in methane/argon atmosphere. During the reaction, the h-BN on top of Pt NPs was selectively 
converted to graphene, with the formation of uniform GQD arrays embedded in the h-BN film (Figure 
3). Notably, depending on the molecular weight of the diblock copolymer, the size of the Pt NPs was 
controlled in the range of 7 to 13 nm. The scanning electron microscopy (SEM) image presented in 
Figure 4a-c demonstrates the uniform arrays of Pt NPs with diameters of ~7, 10, and 13 nm. Next, the 
as-prepared GQD/h-BN in-plane heterostructure was placed in aqua regia solution to remove Pt NPs 
(Figure 4g-I), and finally, transferred onto arbitrary substrates for further characterization and 
processing. Note that the area of obtained GQDs is comparable to the size of the Pt NPs, as shown in 
Figure 4. The removal of the Pt NPs was confirmed by TEM and XPS (Figure 5-6) 
80 
 
 
Figure 1. The fabrication steps of GQD/h-BN in-plane heterostructure based on h-BN to graphene 
conversion catalyzed by Pt NPs supported by a substrate of SiO2. (a) The self-assembly of diblock 
copolymer micelles PS-P4VP with H2PtCl6 on Si/SiO2 substrate. (b) Transfer of h-BN monolayer on 
SiO2 substrate covered by Pt NPs (blue spheres – boron atoms, yellow spheres - nitrogen). (c) Formation 
of the GQDs on top of an array of Pt NPs by catalytically-assisted CVD (red spheres – carbon atoms). 
(d) The obtained in-plane GQD/h-BN heterostructure after the removal of Pt NPs. 
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Figure 2. (a-b) The SEM image and Raman spectrum of the CVD grown pristine h-BN monolayer. (c-
d) The corresponding XPS spectra: (c) Boron 1s, and (d) Nitrogen 1s. 
 
 
 
Figure 3. (a-b) The SEM and AFM images of the as-grown layer of GQD/h-BN on an array of Pt NPs 
(7 nm) spread over SiO2 substrate. 
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Figure 4. Size and spatial distribution of the GQDs. (a-c) The SEM images of 7, 10, and 13 nm sized 
arrays of Pt NPs on SiO2 substrates, respectively. (d-f) Corresponding size distribution histograms of Pt 
NPs on SiO2 substrates. Numbers give the average (marked by red lines) and the standard deviation. (g-
i) The SEM images of GQD/h-BN samples prepared on pristine SiO2. (j-l) Corresponding size 
histograms of GQD/h-BN samples. Numbers give the average (marked by red lines) and the standard 
deviation. 
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Figure 5. The XPS spectra of GQD/h-BN planar heterostructure on SiO2 substrate. (a) Survey, and (b) 
Pt 4f spectra. Blue and red spectra are for as-prepared GQD/h-BN on Pt NPs/SiO2 substrate (before the 
aqua regia treatment) and the GQD/h-BN after the aqua regia treatment to remove Pt NPs, respectively. 
 
 
Figure 6. TEM images of GQD/h-BN. (a, c) Pt NPs on top of GQD/h-BN. (b, d) The GQD/h-BN after 
aqua regia treatment. The white dots in (a,c) are Pt NPs. 
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The formation of GQDs was confirmed by the Raman (Figure 7a) and EELS (Figure 8) spectroscopy. 
Typical Raman signals of GQDs and h-BN were observed from the in-plane heterostructure of GQD/h-
BN transferred onto a SiO2 substrate: the D (1345 cm-1) and G (1595 cm-1) bands of graphene with an 
intervening E2g peak (1371 cm-1) of an h-BN. Furthermore, the in-plane graphene domain size (La) was 
calculated using the ratio of the integrated intensity (ID/IG) according to the Tuinstra-Koenig relation23 
(Table 1), and is consistent with the size of GQDs, observed by SEM image (Figure 4). The formation 
of GQD/h-BN heterostructures was also confirmed EELS mapping (Figure 8). The boron signal was 
not detected at P4 to P7 where the Pt NP exist. Note that the points P5 and P6 with strong signal is due 
to strong background of Pt signal because we could not completely subtract the strong Pt background. 
Note that boron signal is absent in P5 and P6 (see panel g). In the nitrogen mapping image, the N signal 
is too low to be detected21. The EELS spectra were obtained at different positions (yellow line, P1 to 
P10) with 2 nm spatial resolution in f by subtracting the background of the Pt signal from the original 
EELS spectra. The peak for Boron is not detected in P4, P5, P6, and P7, indicating conversion of BN 
to graphene. Note that GQDs in c and g are not distinguishable from carbon signal of many adsorbates. 
In order to characterize the interface between GQD and h-BN in the heterostructure, we performed X-
ray photoelectron spectroscopy (XPS) and the spectra are shown in Figure 7b–d. The XPS B 1s peak in 
Figure 7b can be deconvoluted into two peaks at 189.7 eV and 190.4 eV, respectively. The XPS peak of 
B-N bond (190.4 eV) is very close to the measured value for B 1s (190.5 eV) in the as-grown h-BN 
transferred onto the SiO2 substrate (Figure 2c). Further, the peak at the lower binding energy (189.7 eV) 
corresponds to B-C bonding24. The N 1s peak in Figure 7c can also be deconvoluted into two peaks 
corresponding to N-B bond (397.5 eV) and N-C bond (398.2 eV)24. Furthermore, the peaks of C-B 
(283.2 eV) and C-N bond (285.0 eV) are confirmed in the XPS C 1s spectrum (Figure 7d). The ratio of 
each deconvoluted peak in the C 1s spectrum (Table 2) is 22.2% (C-B bond) : 58.9% (C-C bond): 18.9% 
(C-N bond). This suggests that C-B bonds are more energetically favorable at the interface than C-N 
bonds owing to the difference in the binding energies (Eb,C-B: 0.45 eV and Eb,C-N: 0.41 eV),13 as shown 
in Figure 9. In addition, we confirmed the C-N mode at 1273 cm-1 and the B-N mode at 1375 cm-1 in 
the measured infrared (IR) spectra of the GQD/h-BN sample (Figure 10). However, the B-C bond, 
which is expected to appear at approximately 1020 cm-1,24 was not identified because of a very strong 
SiO2 peak. These XPS and IR results provide evidence on the formation of an interface between them. 
Due to the small size of our quantum dots the lattice mismatch between graphene and h-BN is not 
expected to lead to the formation of dislocations as in the case of bulk graphene/h-BN planar 
heterostructures25. 
85 
 
 
Figure 7. Characterization of GQD/h-BN interface of the in-plane heterostructure with GQDs of the 
size of 7 nm. (a) Raman spectra of GQD/h-BN planar heterostructure (red) and pristine h-BN (blue). 
XPS spectra of GQD/h-BN planar heterostructure: (b) boron 1s, (c) nitrogen 1s, and (d) carbon 1s 
spectrum. 
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Table 1. Graphitic domain size. The integrated intensity ratio, ID/IG, was used to determine the in-plane 
crystallite size La (nm) using the Tuinstra-Koenig relationship24, where λ is the wavelength of Raman 
excitation (532 nm). 
 
 
 
 
 
 
Table 2. The proportion of the respective bonds in Figure 7b-c. 
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Figure 8. EELS analysis of GQD/h-BN. (a) Schematics of EELS mapping of GQD/h-BN on Pt 
NPs/SiO2. (b) TEM image of GQD/h-BN on Pt NPs. The white dots are 7 nm Pt NPs. (c-e) 
Corresponding EELS mapping images of (c) carbon, (d) boron, and (e) nitrogen, respectively. (f) 
Magnified image marked in (d). (g) The EELS spectra were obtained at different positions (yellow line, 
P1 to P10) with 2 nm spatial resolution in f by subtracting the background of the Pt signal from the 
original EELS spectra. 
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Figure 9. Scheme of ideal GQD/h-BN heterostructures with (a) zigzag and (b) armchair edges. (c) 
Estimated heterostructures with more C-B zigzag bonds compared to the C-N zigzag bonds. The binding 
energies for C-B zigzag, C-N zigzag, and armchair bond in the graphene/h-BN in-plane heterostructure 
are calculated to be 0.45, 0.41, and 0.39 eV, respectively, by DFT calculations13. 
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Figure 10. (a) The measured IR spectra for the GQD/h-BN and mechanical exfoliated h-BN (2 nm 
thickness) on SiO2 by AFM-IR. Three spectra on different points were measured for a GQD/h-BN 
sample. (b) Magnified spectra in the range from 1200 to 1500 cm-1. 
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4.4.2 Photoluminescence Emission on GQD/h-BN Heterostructure 
The emission colors of GQDs from various synthetic methods range from blue to yellow (400–650 
nm) in the visible region.2, 26-30 However, the mechanism of PL emission has not been appropriately 
investigated, with several factors such as the size effect on quantum confinement26, 27 and edge effect 
by various functional groups2, 28-30 remaining not completely understood. In this regard, the structure of 
our GQDs embedded in the insulating h-BN is unique to observe the quantum confinement depending 
on the sizes of the GQDs due to the passivation of the GQD edges by the h-BN sheets. In order to 
confirm the optical properties of the heterostructure, UV-vis absorption and PL measurements were 
performed on quartz and SiO2 substrates, respectively. The UV-vis spectra (Figure 11a) of the GQD/h-
BN heterostructure shows the typical absorption band of h-BN located at 200 nm and those of GQDs at 
263 nm and 330 nm (𝜋 →  𝜋* transition),2 respectively, confirming the existence of both h-BN and the 
GQD formed through the spatially controlled conversion. Figure 11b presents the corresponding PL 
spectra of the 7, 10, and 13 nm sized GQD/h-BN heterostructures under excitation with a 266 nm laser. 
New PL emission peaks at 407, 411, and 420 nm, respectively, are observed. Theoretically, the PL 
wavelengths corresponding to 7, 10, and 13 nm GQDs are located in the far-IR range owing to the size 
effect of quantum confinement.31 It is noted that absorption and PL studies on our GQD/h-BN were not 
carried out in the IR range, but we confirm the size effect of the GQD induced by quantum confinement 
by measuring the Coulomb blockade, as discussed in the following section. 
In order to understand the mechanism of PL in detail, we performed PL measurements on several 
control samples. It is noted that no PL peaks (Figure 12) are observed from bare Pt NPs on SiO2 substrate 
(black) and bare h-BN on SiO2 substrate (green), and also from a control sample obtained by carrying 
out the conversion reaction without the Pt NPs, indicating that the PL results from the in-plane 
heterostructure of GQD and h-BN. We consider three possible origins for PL from the hybrid structure 
of GQD and h-BN: First, the PL may originate from the edge effect due to oxidation2 or sp2 sub-domains 
created by oxygen-functional groups inside the GQDs8, 32 during the aqua regia treatment or growth 
process (Figure 13). Second, with respect to the h-BN material, the GQD/h-BN heterostructure consists 
of nano-sized holes of h-BN, which may be one of the origins of the PL33-35 (Figure 14). Third, the PL 
can be due to new energy levels generated from the graphene edges connected with h-BN.35  
Previous studies reported that 10 nm-sized GQDs can yield PL emission at ~ 400 nm due to edge effect 
by oxidation2 and the ~ 3 nm sp2 sub-domains isolated by oxygen-functional group of the quantum dot8, 
32. In the regard, GQDs in our study may be formed with the oxidized edges or sp2 sub-domains by 
oxygen-functional group during the aqua regia treatment or growth process (Origin 1, Figure 13). First, 
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we measured the PL emission of the GQD/h-BN on Pt NPs/SiO2 substrate before aqua regia treatment 
(Figure 13b). We confirmed PL emission at ~ 410 nm wavelength on GQD/h-BN on Pt NPs/SiO2 (blue 
spectrum in Figure 13e), even though the PL intensity decreased slightly, showing that the oxidation by 
aqua regia treatment is not an origin of PL emission. Second, in order to check PL emission of bare 
GQD without h-BN, the sample was prepared using CVD grown graphene. Bare GQDs were prepared 
via O2 plasma etching process by using the Pt NPs array as a pattern mask (Figure 13c).32 We can easily 
distinguish the GQD arrays and SiO2 regions by SEM contrast (Figure 13d). The PL peak (red spectrum) 
at 400 nm wavelength in Figure 13e was not observed from the bare GQD fabricated by O2 plasma 
treatment. Above results indicate that the PL emission in GQD/h-BN is not due to sp2 sub-domains or 
edge effect by oxygen functional group. 
Several papers reported that the defect points in h-BN sheets have the quantum emission in the 2 ~ 4 
eV energy range33-35 (Figure 14a). In order to check this possibility, the h-BN sheet with nano-sized 
holes was prepared by using hydrogen-etching of h-BN though the annealing process on Pt NPs in H2 
atmosphere.16, 36 The CVD-grown monolayer h-BN was transferred onto the Pt NPs/SiO2 substrate and 
etched away on Pt NPs by annealing at 700 oC in H2 flow (30 sccm). Figure 14b shows AFM image of 
hydrogen-etched h-BN film with holes transferred onto SiO2 substrate. No PL emission of the sample 
was observed as shown in Figure 14c. Furthermore, as shown in Figure 12b, we did not observe any PL 
of h-BN on SiO2 substrate after carrying out the conversion reaction without Pt NPs. Therefore, above 
results indicate that the PL in GQD/h-BN is not due to nano-sized holes of h-BN nor any defect in h-
BN. We confirmed that the PL emission is not due to the oxidized edges and sp2 sub-domains in the 
GQDs and nano-sized holes of h-BN by the absence of PL from the control samples. Therefore, we 
consider that the emission is due to a new localized energy state at the interface region between the 
GQD and h-BN. 
Recently, a theoretical study was reported on the electronic density of states in polycrystalline 
structures with graphene and h-BN grains.37 Localized density of states at −1.2 and 2 eV were observed 
at the interface of graphene and h-BN grains. Further experimental investigations on the contribution 
of the localized energy states at the interface to PL are required. We performed PL measurements on the 
in-plane heterostructure of graphene and h-BN (Figure 15). The heterostructure was prepared by a 
previously reported conversion reaction to fabricate graphene on a Pt substrate.16 We note that a small 
PL peak at 410 nm wavelength is observed corresponding to the interface of graphene and h-BN, 
whereas no PL is observed for graphene only and h-BN only regions, implying that localized energy 
states are dominantly formed between graphene and h-BN and the PL is due to this interface. 
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Figure 11. (a) UV-vis absorbance spectra of bare h-bN and GQD/h-BN heterostructure. (b) PL spectra 
of GQD/h-BN samples prepared on 7 (red), 10 (blue), and 13 nm (green) sized Pt NPs/SiO2 substrate, 
respectively.  
 
 
 
Figure 12. (a) PL spectra of bare h-BN/SiO2 (green spectrum) and Pt NPs/SiO2 substrate (black 
spectrum). (b) PL spectrum of h-BN on SiO2 substrate (blue spectrum) after carrying out the conversion 
reaction without Pt NPs in the same condition. The PL spectrum of GQD/h-BN is provided as a 
reference in (a) and (b). 
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Figure 13. (a) Scheme of GQDs with the oxidized edges and sp2 sub-domains isolated by oxygen-
functional group (Origin 1). (b) Scheme of the fabrication process of as-prepared GQD/h-BN on Pt 
NPs/SiO2 substrate before the treatment with aqua regia. (c) Scheme of bare GQD prepared by O2 
plasma treatment of CVD grown graphene. (d) SEM image of a bare GQD (~7 nm) array prepared in 
(c). (e) PL spectra of bare GQD (red spectrum) and as-prepared GQD/h-BN on Pt NPs/SiO2 substrate 
(blue spectrum). 
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Figure 14. (a) Scheme of h-BN sheets with nano-sized holes. (b) AFM image of h-BN nano-sized holes 
by annealing process in H2 atmosphere. (c) PL spectra of h-BN nano-sized hole (blue spectrum).   
 
 
 
 
 
Figure 15. (a) Optical image of in-plane graphene/h-BN heterostructure on SiO2 substrate.16 (b) Raman 
spectra of graphene (red) and h-BN (blue) on SiO2 substrate by using a 532-nm laser. Integration time: 
5 sec (graphene), and 60 sec (h-BN). (c) PL spectra of graphene (red), h-BN (blue), and interface (green) 
by using a 266-nm laser. The reason for the weak PL intensity is because the fraction of the interface 
regions in the heterostructure is smaller than in the GQD/h-BN structure. 
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4.4.3 Single Electron Tunneling Transistor Using GQD/h-BN Heterostructure 
Such GQDs embedded in a h-BN matrix are ideally suited for the formation of van der Waals 
heterostructures38-40. To this end, several van der Waals heterostructures Si/SiO2/30nm_h-BN/Gr/2h-
BN/GQD/2h-BN/Gr/20nm_h-BN have been assembled on Si/SiO2 substrate (acting as a back gate) by 
using dry transfer method41 (Figure 16). Here, 30nm_h-BN stands for the h-BN layer with approximate 
thickness 30 nm, Gr – for graphene, 2h-BN – for 2 layer thick exfoliated h-BN, GQD – for GQD/h-BN 
lateral heterostructure. Schematic structure and the layer arrangement of our devices is presented on 
Figure 17a. Devices with two (2h-BN, see Figure 17a) and three (3h-BN) layer thick h-BN tunneling 
barriers have been produced. For all the layers (apart from the GQD/h-BN layer) mechanically 
exfoliated crystals have been used. The GQD layer was sandwiched between two thin h-BN layers to 
isolate the quantum dots from the contacts to ensure a long lifetime of electrons within the quantum 
dots, thus, to allow the detection of the single electron energy levels. All our devices were fabricated in 
a symmetric configuration - with the same number of h-BN layers on each side of GQD. In total 6 
devices have been measured which produce very similar results. 
We performed tunneling spectroscopy on our van der Waals heterostructures at T = 0.25 K, by applying 
a mixed signal of AC and DC bias voltage between the two graphene electrodes and a gate voltage to 
the silicon substrate42. Figure 17 presents a colour map of differential conductance G (Vg, Vb) = dI/dVb 
as a function of the gate (Vg) and bias (Vb) voltages. Two types of sharp peaks can be identified on top 
of the smooth background; (i) those organized into overlapping diamonds, (ii) those which follow 
square root dependence. We attribute the peaks with square root dependence in G (Vg, Vb) to be due to 
tunneling through impurities and the diamond-shaped features - to Coulomb blockade diamonds due to 
tunneling through single electron states in individual graphene quantum dots. 
Each diamond corresponds to a Coulomb blockade regime in one particular GQD. For a single GQD, 
one would observe a sequence of diamonds which connect to each other only at vertices. Since we have 
a large number of GQDs connected in parallel – we observe a number of overlapping diamonds43. 
Because of the technology we used, there are roughly 4 times more 7 nm GQD per unit area than there 
are 13 nm GQD, thus, there are more overlapping diamonds for 7 nm GQD. The zero-bias conductance 
within the diamond, Figure 17h is given by the background tunneling through the 5 layer h-BN (2 layers 
of h-BN on each side of the middle h-BN layer with GQD) and is within the expected range44, indicating 
the absence of the pin-holes in the barrier. We also produced devices of the type Si/SiO2/30nm_h-
BN/Gr/2h-BN/CVD h-BN/2h-BN/Gr/20nm_h-BN. In such devices we used the same CVD-grown h-
BN, but without GQD in it. We didn’t observe Coulomb diamonds in such devices (Figure 18 and 19). 
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Furthermore, the conductivity of such devices is significantly lower than that for devices with GQD, 
which proves that the Coulomb diamonds we observe are indeed coming from the GQD. 
The schematics of the formation of the diamonds are presented in Figure 20a-c. When the size 
quantisation levels in the GQD are positioned outside of the bias window – no current flows through 
the quantum dots. At positive biases, a finite conductance starts to be observed once the size 
quantization level is below the Fermi level in the top graphene (such events are modelled by red lines 
in Figure 20d) and above the Fermi level in the bottom graphene (modelled by blue lines in Figure 20d). 
The combination of four of such lines gives a diamond of low conductivity. If the Fermi level in one of 
the graphene contacts is close to the Dirac point, where the density of states vanishes – the electrostatics 
dictates45 that the edges of the diamonds will not be straight lines anymore and will have square root 
dependence in the Vg-Vb coordinates, Figure 20d. Such events indeed can be observed in our 
measurements, Figure 17f. 
The width of the diamonds in Vb gives the characteristic energy required to place an extra electron into 
the quantum dot. For our 13 nm and 7 nm quantum dots we measure it to be of the order of 80 meV and 
160 meV respectively, well in line with what is expected for the size quantization for quantum dots of 
such a diameter46-48. The fact that the size quantization energy scales as expected with the size of the 
GQD serves as an additional argument that the tunneling occurs through the states in the quantum dots. 
Simultaneously with the characteristic diamonds, a few peaks which approximately follow the square 
root behaviour have been observed. The square root behaviour is coming from the linear density of 
states in the graphene electrodes and the fact that, due to the small density of states the bottom graphene 
electrode doesn’t entirely screen the electric field from the gate49. We attribute these features to the 
tunneling through localized states in the central GQD layer50, 51. Each localized state produces two lines 
in G (Vg, Vb) – when it aligns with the Fermi level in the bottom and in the top graphene contacts. The 
energy positions of these lines can be fitted with very high precision (Figure 17d,f). From such a fitting 
we can extract the energy position of the localized states with respect to the Dirac points in the graphene 
layers as well as their spatial positions in the barrier. Thus, we found that all the localized states are 
indeed located in the central layer (h-BN with GQDs), and their energy covers the range of 150 meV 
in the vicinity of the Dirac points in the contacts.      
In our diagrams, each set of diamonds corresponds to a particular graphene quantum dot. Thus, we 
can estimate the number of GQDs involved in tunneling – which gives us approximately 40 quantum 
dots connected in parallel for the device with 13 nm GQD. At the same time, the number of localized 
states we can see in our devices is very low (between 3 and 6, depending on the particular device) much 
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lower than the number of the GQD observed. This suggests that the edges of our GQDs are well 
passivated and do not produce additional localized states. Also, the number of GQDs we see 
participating in tunneling is much smaller than the total number of GQDs within the area of the device 
(~50 GQD per µm2, the total area of the device ~30 µm2 for the sample with 13 nm GQD). Currently 
we don’t have an explanation for this effect. We can speculate, however, that as it is silicon gate (which 
is 300 nm away) which provides the most efficient screening (graphene electrodes provide only weak 
screening) – GQD within 300 nm radius interact strongly between themselves via Coulomb interaction. 
It means that the Coulomb diamonds we see are the result of the collective behaviour of several GQDs 
within 300 nm radius. This would also explain the different intensity of the conductivity peaks. 
In order to avoid the large number of GQDs to be connected in parallel, thus obscuring the Coulomb 
diamonds, we prepared h-BN with low density of graphene islands. To this end we used a strongly 
diluted micellar solution to achieve low concentration of H2PtCl6. To this end 1 mL of the PS-P4VP 
copolymer solution with H2PtCl6 was diluted by 400 mL of pure PS-P4VP. The mixed solution was 
spin-coated on the SiO2 substrate, and the micellar film was treated by oxygen plasma to produce Pt 
NPs. The h-BN monolayer was transferred onto the Pt NPs/SiO2 substrate, and the conversion reaction 
was performed for conversion of the hBN on Pt NPs to graphene. After the aqua regia treatment to 
remove Pt NPs, we obtained a GQD/h-BN sample with a relatively long spacing (0.5 to 1.5 μm), as 
shown in Figure 21a. Note, that this method gives non-uniform distribution of GQDs. 
We used this h-BN with low density GQDs to prepare single electron tunneling transistors 
Si/SiO2/30nm_h-BN/Gr/2h-BN/CVD_h-BN/2h-BN/Gr/20nm_h-BN as it has been described above, 
Figure 17a. The conductance of one of our device (with the active area 30 µm2) as a function of the gate 
and bias voltages is presented on Figure 21b. Note, that the characteristic conductance for such a device 
is at least an order of magnitude smaller that for devices with periodic, high density arrays of GQDs 
(see the data presented on Figure 17). This is because the tunneling now occurs through a smaller 
number of GQDs. At the same time, the Coulomb diamonds are visible much clearer in such devices, 
Figure 21b. 
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Figure 16. Fabrication procedure for van der Waals tunnel heterostructure comprising the stack of 
Si/SiO2/20nm_h-BN/SLG/3L_h-BN/GQD_h-BN/3L_h-BN/SLG/10nm_h-BN. (a) Single layer 
graphene (SLG), indicated by white arrows, was transferred by flake peeling method on bottom h-BN 
supported on Si/SiO2 substrate. (b) Trilayer h-BN, outlined by red dashed line, was then transferred on 
SLG shown in (a). (c) Separately a PMMA membrane was prepared with ~ 10nm h-BN, another SLG 
and trilayer h-BN was picked up using this h-BN. This PMMA membrane containing the stack of 3L_h-
BN/SLG/10_h-BN was further aligned and dropped on GQD_h-BN on Si/SiO2. To release this stack 
from Si/SiO2, wet transfer procedure following standard KOH etching procedure was performed. (d) 
Finally, the heterostructure of GQD_h-BN/3L_h-BN/SLG/10nm_h-BN was aligned, and transferred on 
Si/SiO2/20nm_h-BN/SLG/3L_h-BN shown in (b). Contacts to top and bottom SLG, as shown in (d), 
were made by standard electron beam lithography. Scale bar shown in (a) is same for all images. 
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Figure 17. The h-BN/Gr/2h-BN/GQD/2h-BN/Gr/h-BN multi-channel single electron tunneling 
transistors. (a) Schematic structure of the van der Waals stack. Double layer graphene system separated 
by hexagonal boron nitride layers with GQDs embedded in the central layer of h-BN. (b) The low 
excitation measurements of low bias region of (c). Green arrows indicate the tunneling events through 
the localized impurity states in the middle h-BN layer with 7 nm GQD. Impurity assisted features 
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correspond to the localized state which is located approximately 90 meV above the Dirac points in the 
graphene contacts. (c) G(Vg,Vb) for a device with 7 nm GQDs. (d) The low excitation measurements of 
low bias region of (e), indicating the tunneling events through the localized density of states in the 
middle h-BN layer with 13 nm GQD. The olive arrows denote the localized states with the energy 140 
meV below the Dirac point. (e) G(Vg,Vb) for a device with 13 nm GQDs. The red (blue) dashed line 
mark the event of the Fermi level in the top (bottom) graphene layer aligning with the Dirac point. (f) 
The magnified plot of (e) denoting a peculiar shape of the Coulomb diamonds when the Fermi level in 
one of the graphene contacts aligns with the Dirac point. The dashed grey line indicates the cross-section 
presented in (h). (g) The conductance G(-30V, Vb) plot indicating both peaks of prominent peaks of 
overlapping diamond boundaries (red arrows) and background of peaks from impurity assisted-
tunneling (green arrows) for a device with 13 nm GQD. (h) The conductance G(Vg, 0mV) plot indicating 
peaks occurring from overlapping diamonds in (f). Red arrows in all the plots indicate conductivity 
peaks which correspond to tunneling through single electron states in GQD. 
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Figure 18. T = 1.5K tunneling conductance G(Vb,Vg) of Si/SiO2 substrate supported Gr/h-BN/Gr 
heterostructures. (a) Tunneling through pristine h-BN trilayer mounted in-between two graphene 
monolayers (colour scale is blue to white to red, 20nS to 2S to 4S). Dark Blue X shaped region 
corresponds to the event of the passage of chemical potential through DPs of graphene layers; vertical 
features represent phonon-assisted resonant tunneling process. (b) Tunneling through impurity states of 
low quality tetralayer h-BN mounted in-between monolayer graphene electrodes (colour scale is blue 
to white to red, 0nS to 20nS to 40nS). Peaks in conductance (red and white) correspond to the tunneling 
through localized states and follow the square root dependence. 
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Figure 19. T = 260 mK tunneling conductance G(Vb,Vg) of Si/SiO2 substrate supported h-BN/Gr/2h-
BN/CVD h-BN/2h-BN/Gr/h-BN heterostructure. The area of the device is 82 µm2. Note, the middle h-
BN monolayer was grown by CVD, but no GQD were formed on it. Note, significantly lower 
conductivity (even though the area of the device is significantly larger than for those presented in the 
main text) due to the absence of the additional conductance channels due to GQD. There is a small 
number of the impurity states, however, which might be originating from either defect in the CVD h-
BN or due to contamination in between the layers introduced during the fabrication. 
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Figure 20. Modelling of the single electron charging effect. (a-c) Schematic representation of a single 
electron charging effect. The corresponding electrostatic lines are denoted in (d). (d) Modelling example 
of the alignment of the different energy levels in a device with 13 nm GQD. Red (blue) dashed lines - 
Fermi level in top (bottom) graphene electrode aligning with the Dirac point. Purple lines – Fermi levels 
in the graphene contacts being aligned with the localized state located in the middle h-BN layer with 
energy 140 meV below the Dirac point. The set of solid red (blue) lines correspond to single electron 
energy levels in GQD aligning with the Fermi level in the top (bottom) electrode. Space between four 
of such lines forms a Coulomb blockade diamond. Note the distorted shape of the diamond when the 
Fermi level in the contacts passes through the Dirac points. 
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Figure 21. Low density non-periodic array of GQD embedded in h-BN matrix and h-BN/Gr/2h-
BN/GQD/2h-BN/Gr/h-BN multi-channel single electron tunneling transistors based on such GQD. (a) 
SEM image of a GQD/h-BN sample obtained after the transfer of h-BN monolayer Pt NPs/SiO2 
substrate and the conversion reaction. It shows GQDs with a long spacing (0.5 to 1.5 μm), marked by 
white arrows. (b) G(Vg,Vb) for a device with such GQDs. 
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4.5 Conclusion  
In conclusion, we accomplished the formation of uniform GQD arrays embedded in a h-BN sheet 
using spatially controlled conversion of h-BN on Pt NPs array. This method not only enables to fabricate 
uniform size-controllable GQD arrays, but also to realize new optical property of the GQD because of 
the contact of the graphene edges with h-BN. Furthermore, the geometry allows easy incorporation into 
van der Waals heterostructures, where we demonstrate single electron tunneling transistors. Our 
approach – the combination between the in-plane and van der Waals heterostructures – allows the 
fabrication of high quality graphene quantum dots for transport experiments. The in-plane 
heterostructures allow fabrication of graphene quantum dots without the dangling bonds and localized 
states at the perimeter. At the same time the van der Waals heterostructures allow fabrication of 
controlled tunneling barriers, again without any localized states. We hope that our approach will pave 
the way for many new types of devices and physical phenomena to be studied. 
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모두 감사합니다. 항상 나에게 진심 어린 조언을 해주었던 룸메이트 본재, 늙지 않는 영원한 우리 패밀리 재
희, 영진이, 득규, 인선이, 기원이, 대학원 생활 하면서 많이 친해진 윤호, 승영이, 언제나 나를 반갑게 맞아 
주었던 지구경로당 친구들까지. 여러분 덕분에 지치지 않고 학위 과정 잘 마무리 했습니다.  
유니스트에서의 10년의 생활을 마치고 새로운 도전을 시작하려고 합니다. 좋은 추억들을 기억하며 항상 
최선을 다해 살아가는 모습을 보여드리겠습니다. 그동안 저를 믿어 주시고 도와 주신 모든 분들께 다시 한
번 진심으로 감사드립니다. 
